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There are many factors that have been proposed to contribute to plant invasiveness in non-
native ecosystems. Traits of invading species are one of them. It has been proposed that 
successful species at a certain invasion stage share particular traits, which could be used to 
predict the behaviour of potentially invasive plants at the respective stage. Three main stages 
of invasion are distinguished: introduction, naturalization, and invasion. I conducted a stage- 
and trait-based analysis of available data for the invasion of New Zealand by the flora of 
southern Africa. Using 3076 southern African native vascular plant species introduced into 
New Zealand, generalised linear mixed model analysis was conducted to assess association of 
several species traits with the three invasion stages. The results showed that plant traits were 
significantly associated with introduction but fewer traits were associated with naturalization 
or invasion, suggesting that introduction can be predicted better using plant traits. 
It has been also hypothesized that species may become invasive in non-native ecosystems 
because they are removed from the regulatory effects of coevolved natural enemies (Enemy 
Release hypothesis). A detailed field study of the succulent plant Cotyledon orbiculata var. 
orbiculata L. (Crassulaceae) was conducted in the non-native New Zealand and native 
Namibian habitats to compare the extent of damage by herbivores and pathogens.  C. 
orbiculata is a southern African species that is currently thriving in New Zealand in areas 
seemingly beyond the climatic conditions in its native range (occurring in higher rainfall  
areas in New Zealand than are represented in its native range). As hypothesised, C. 
orbiculata was less damaged by herbivores in New Zealand but, contrary to expectation, 
more infected by pathogens. Consequently, the plant was overall not any less damaged by 
natural enemies in the non-native habitat than in its native habitat, although the fitness 
impacts of the enemy damage in the native and invaded ranges were not assessed. The results 
suggest that climatic conditions may counteract enemy release, especially in situations where 
pathogens are more prevalent in areas of higher rainfall and humidity. 
To forecast plant invasions, it is concluded that species traits offer some potential, particularly 
at the early stage of invasion. Predicting which introduced plants will become weeds is more 
difficult. Enemy release may explain some invasions, but climatic factors may offset the 
predictability of release from natural enemies.
Keywords: invasion, invasion stages, invasive species, introduced plants, naturalization, 
species traits, herbivory, plant–herbivore interactions, plant pathogens, succulent plants, 
ecology, southern Africa, southern African flora, Namibia, New Zealand, rainfall.
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Preface
Prior to coming to New Zealand to study, I was working in wildlife conservation in the 
Namibian Ministry of Environment and Tourism. My tasks were quite diverse, ranging from 
managing CITES ivory issues to designing permitting protocols for the wild sourcing of 
native plants. When the opportunity came up to pursue a master’s degree in Environmental 
Science at Lincoln University in New Zealand, I wondered what I should study for my thesis. 
While I was perusing websites to find out more about New Zealand, I quickly realised that 
invasive species were a hot topic there. Interestingly, some of the pest plants on the lists were 
names I was familiar with. On the Environment Canterbury (ECan) website I learnt that there 
was concern about Pig’s ear Cotyledon orbiculata L. (Crassulaceae) spreading in the region 
and there was a call to research this plant because not much was known about its ecology or 
how to control it. This caught my interest. How was it that southern African plants were 
growing so well in such a distant place? I decided to focus my thesis on this topic. 
Conducting a study on introduced southern African plants would add to the ecological 
knowledge in not just New Zealand but also other regions, because biological invasions have 
affected all parts of the world, including southern Africa. 
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 Chapter 1 Introduction to biological invasions in New 
Zealand, Africa, and beyond
 1.1 Biological invasions: a global problem
Over the last few centuries, expansion of the global transport network, trade and human 
mobility have increased the introduction of many species to areas beyond their natural 
distributions (Halloy 1995). However, only a small fraction of the introduced species has 
become naturalised or formed self-sustaining wild populations, and of those naturalised, a 
smaller fraction has become invasive, i.e., progressed beyond naturalisation (see Richardson 
et al. 2000 for full definitions of naturalised and invasive species) (Williamson 1996, 
Richardson et al. 2000, Kolar and Lodge 2001). In the case of plants, roughly 10% of 
introduced species around the world have become naturalised, while those that have become 
invasive constitute just around 1% (Groves 1991, Williamson 1996, Williams et al. 2002, 
Richardson and Pyšek 2006). Albeit a small fraction, invasive species have pernicious 
impacts. They have now been identified as a serious threat to the economy (Pimentel et al. 
2001, 2005), costing more than USA $100 billion per year (Pimentel et al. 2001), and the 
second most significant threat to biodiversity (Halloy 1995).
Biological invasions are a global problem, since even countries that might not have invasive 
species within their boundaries might have exported potential invaders to other regions. 
Examples of biological invasions abound throughout the world, transcending taxonomic 
groupings, geographical gaps and political delimitations. Some of the best examples are 
found in biodiversity hotspots of South Africa, Hawai’i and New Zealand (Myers et al. 2000).
In South Africa, substantial tracts of land have been infested by non-native invasive plants. It 
is estimated that invasive plants have spread over 10 million hectares of land, which 
translates to 8% of the surface area of the country (Versfeld et al. 1998). At the current rate of 
5% new invasions per year, it is projected that 20 million hectares will be infested by 2013 
(Versfeld et al. 1998), while impact of these infestations is expected to double (Le Maitre 
2000). In terms of species numbers close to nine thousand vascular plant species have been 
introduced into the country (Henderson 1998), of which 915 have naturalised (Germishuizen 
et al. 2006). Those that have become invasive, i.e. declared weeds, number c. 198 
(Germishuizen et al. 2006) and are predominantly of South American origin but other source 
regions, such as Europe, Asia, Australia and North America, also contribute substantially 
(Henderson 1995, 1998). In South Africa serious problems have been cited particularly 
regarding woody invasives such as Acacia, Pinus, Eucalyptus and Prosopis (Le Maitre 2000). 
These plants have had a significant contribution to water depletion and have halted the flow 
of some rivers in catchments (Le Maitre 2000). Invasive plants in South Africa use up as 
much as 6.7% of the country’s total surface runoff (i.e., 3303 million m3/year), amounting to 
more than double the volume of water used in commercial forest plantations (Le Maitre 
2000). The deep-rooted Prosopis (mesquite) (Fabaceae) is particularly notorious because of 
its impact on the water table in the alluvial plains of the drier regions (Le Maitre 2000). This 
tree has aggressively invaded northwestern South Africa as well as other arid regions on the 
continent, such as Namibia, Sudan and Somalia (Henderson 1995). Five Prosopis species and 
two subspecies were introduced from southern USA for shade and fodder (seed pods) in the 
almost tree-less semi-desert areas (Zimmermann 1991). Three taxa have subsequently spread 
widely (Zimmermann 1991), covering some estimated 930,000 ha in northwestern South 
Africa (Harding and Bate 1991) and using up as much as 191.94 million m3 of water per year 
(Le Maitre 2000). Control of the Prosopis problem has included biological control by seed-
feeding bruchid insects imported from native North America (Zimmermann 1991).
On the Hawai’ian islands, introduced snails have caused considerable loss of endemic 
mollusc biodiversity. By 1990 at least two thirds of the islands’ endemic land snails, i.e., 
close to 500 species, were wiped out mostly by introduced snails. The most notorious of these 
is the fast moving predator Euglandina rosea (Rosy wolfsnail) (Spiraxidae) (Cowie 2001). 
This snail is on the 100 of the world’s worst invasive alien species (Lowe et al. 2000). A 
native to southeastern USA, it was first introduced to the Hawai’ian islands in 1955 (Cowie 
2001) as a biological control agent for the giant east African snail Achatina fulica, which was 
introduced as a food source for humans but later became an agricultural pest (Lowe et al. 
2000, Cowie 2001). The hardest-hit taxa on the Hawai’ian islands are the achatinelline tree 
snails (Achatinellinae) and the endemic land snail family (Amastridae) (Cowie 2001).
On the New Zealand archipelago, introduced terrestrial mammalian predators are responsible 
for most of the demise of the archipelago’s avifauna (Gill and Martinson 1991, Clout 1997). 
Over a period of c. 1000 years since introduction of these animals, first by the early 
Polynesian settlers and later by Europeans (Gill and Martinson 1991), 40% of the terrestrial 
bird species in pre-human New Zealand became extinct (Clout 1997), while 29% of the 
currently extant species are threatened, of which 56% (compared to 5.8% worldwide) are 
threatened by introduced species (Collar et al. 1994). The endemic avifauna has particularly 
been vulnerable to predation; more than three quarters of New Zealand’s threatened bird 
species are endemic (Collar et al. 1994). Having evolved without land-based mammalian 
predators, they possess few defences against such enemies (Gill and Martinson 1991). While 
important native predators were avian (e.g. owl, gull and crow) and the majority were diurnal 
and hunted by sight (Gill and Martinson 1991), most of the introduced predators are ground-
based, are at least partly nocturnal and hunt additionally using auditory and olfactory cues 
(King 1989). Within the New Zealand co-evolutionary context a considerable proportion of 
the endemic birds became flightless (e.g. kiwi Apteryx and takahe Porphyrio) since there 
were no significant land-based predators to deter this habit. Flightlessness, however, has 
rendered them easier to catch by the introduced ground predators, particularly the kiwi which 
is additionally nocturnal and strong-smelling (McLennan et al. 1996). Mustelids introduced 
from Britain in the 1800s (mainly stoats Mustela erminea and weasels M. nivalis, introduced 
to control rabbits) are the major predators (Moors 1983, King 1984), but the brushtail possum 
Trichosurus vulpecula (introduced from Australia for the fur industry [Moorhouse et al. 
2003]), rats and dogs have also had a significant impact. For example, the ship rat Rattus  
rattus eliminated five species of native forest birds in a period of four years on Big South 
Cape Island (Bell 1978), while in the North Island, one dog was documented to kill as many 
as 500 kiwi within a few months (Taborsky 1988). Species recovery and control of 
introduced mammals are costing New Zealand considerably. In 2002/2003, as much as $NZ 2 
million was budgeted for the control of stoats alone (accounting for only 3% of the budget for 
the control of introduced mammal pests), while research on stoats was allocated a further 
$1.4 million (in the 2001/2002 budget year) (Parkes and Murphy 2003). 
 1.2 The introduced flora of New Zealand
Besides the ecological dynamics stemming from introduction of land mammals into an 
ecosystem that originally lacked them, New Zealand is also an interesting case because it has 
introduced a large number of plant species. These species have recently been collated, 
totalling 25,049 (Diez et al. 2008). This is more than 12 times New Zealand’s native flora 
(2,055 species, Williams and West 2000). The native regions of the introduced flora have yet 
to be collated, except for the better-documented naturalised subgroup (2,071 species, 
Williams and West 2000), whose native origin is diverse. In the Auckland region alone, which 
has about a quarter (615 species) of New Zealand’s naturalised (by 1986) flora, Esler and 
Astridge (1987, Table 1) recorded seven regions to which the naturalised plants are native. 
The majority of these plants would have reached New Zealand via Britain and Australia, the 
busiest trade routes, but some may have been imported directly from their native regions 
(Esler and Astridge 1987). In terms of number of species contributed to Auckland’s 
naturalised pool, southern Africa ranks third (after Europe + North Africa and Central + 
South America), while 84% (48 of 57) of the southern African plants were introduced into 
New Zealand for horticultural purposes (Esler and Astridge 1987). The majority of these 
would have probably been introduced specifically for ornamental gardening. The “bizarre” 
forms and prominent flowers of southern African plants have earned this flora worldwide 
popularity in the home garden. But the southern African flora has also earned a reputation in 
New Zealand  as a particularly invasive flora (as I leant during an involvement in a weed 
survey with the Christchurch City Council in summer 2006), producing some of the most 
menacing “garden thugs” downunder the likes of boneseed Chrysanthemoides monilifera, 
smilax Asparagus asparagoides and iceplant Carpobrotus edulis. All three (and more) are 
listed in the 2006 New Zealand National Pest Plant Accord. 
 1.3 Why are southern African plants invasive downunder?
There have been many hypotheses brought forth to explain why some species become 
invasive or why some ecosystems are prone to invasion. In Table 1.1 I have outlined some of 
the prominent ones. Two of the most well supported by the literature and so likely to be the 
most important are Introduction Effort and Residence Time. Introduction Effort or Propagule 
Pressure (Williamson 1996, Duncan 1997, Pyšek1998, Richardson 1998, Goodwin et al.1999, 
Kowarik 2003, Colautti 2005, Lockwood et al. 2005, Thuiller et al. 2005, Gravuer et al. 
2008.) has been measured in various ways, but the underlying aspect is degree of human 
activity involved, such as how many times a species has been introduced or, in the case of 
plants, how extensively a plant has been cultivated. It has been found that species that 
become invasive would have likely been introduced more frequently or cultivated more 
extensively than non-invasive species (but see Colautti et al. 2006, who point out that species 
may be more introduced because they establish easily, as opposed to the other way around). 
Residence Time has also received overwhelming support (Kowarik 1995, Richardson 1998, 
Rejmánek 2000, Sullivan et al. 2004, Castro et al. 2005, Pyšek and Jarošík 2005, Dehnen-
Schmutz et al. 2007). It has been shown that the longer a species has been introduced, the 
more it is likely to be invasive since invasions, even for species with high propagule pressure, 
experience a time lag. 
Support for many other hypothesised characteristics of invasive species has been equivocal. 
Kolar and Lodge (2001) have cited small sample sizes as a problem in many invasion studies. 
In this thesis I had a rare chance of using a large flora, a comprehensive list of described 
southern African plant species, which could allow detection of some important factors 
associated with invasion success that other studies may have missed. I sought to assess 
whether there are traits that are characteristic of southern African plants introduced into New 
Zealand that could help explain why some species have become invasive. It has been 
proposed that some intrinsic species traits or properties may help species establish more 
easily in non-native environments (Scott and Panetta 1993, Rejmanek and Richardson 1996, 
Kolar and Lodge 2001, 2002, van Kleunen et al. 2007). Species traits, furthermore, have 
potential for use in forecasting which species are likely to become invasive since, unlike 
some other characteristics such as introduction effort or residence time, they can be applied 
before a species is introduced (Scott and Panetta 1993, van Kleunen et al. 2007). I also sought 
to assess whether reduced or lack of natural enemies in New Zealand could have contributed 
to some species becoming invasive, a hypothesis known as Enemy Release. It proposes that 
species may proliferate in non-native ecosystems because they leave behind their co-evolved 
enemies that regulate their populations in the native ecosystems (Schierenbeck et al. 1994, 
Maron and Vilà 2001, Mitchell and Power 2003, Torchin et al. 2003, Colautti et al. 2004, Liu 
and Stiling 2006). Enemy Release seemed like a particularly good hypothesis to test in the 
New Zealand landscape because, as mentioned in Chapter 1, there are no native land 
mammals except two bat species (Gibbs 2006). In such a system, introduced plants may have 
even fewer enemies, making the effects of a reduced enemy assemblage more detectable. 
These analyses will contribute to our understanding of invasion processes and to means of 
forecasting and curtailing further invasions. 
  Table 1.1 Examples across the board of the research on determinants of 
species invasiveness and ecosystem invasibility, highlighting the main 
hypotheses. Species Traits and Enemy Release hypotheses (bolded) were tested in 
this thesis.
Reference Hypothesis/Trait Definition
Williamson 1996, Duncan 
1997, Richardson 1998, 
Goodwin et al.1999, Colautti 
2005, Lockwood et al. 2005, 
Thuiller et al. 2005, Dehnen-
Schmutz et al. 2007, Gravuer 
et al. 2008.
Introduction Effort/Propagule 
Pressure 
Species more often introduced 
or more cultivated have a 
higher probability for 
establishing in the landscape. 
Kowarik 1995, Richardson 
1998, Rejmánek 2000, 
Sullivan et al. 2004, Castro et 
al. 2005, Pyšek & Jarošík 
2005, Dehnen-Schmutz et al. 
2007. 
Residence Time Invasions experience a time lag. 
Hence species introduced 
earlier are more likely to be 
invasive (but see Thuiller et al. 
2006). 
Panetta & Mitchell 1991, 
Cronk & Fuller 1995, Curnutt 
2000, Thuiller et al. 2005.
Climate Similarity Similar climates of source and 
introduced regions pre-adapt 
species, making it easier for 
their establishment.
Rejmanek & Richardson 
1996, Radford & Cousens 
2000, Kolar & Lodge 2001, 
Thuiller et al. 2006.
Species Traits Certain intrinsic traits of 
species enhance invasiveness 
(but see Williamson 1996, 
Lloret et al. 2004, 2005, Castro 
et al. 2005, Muth & Pigliucci 
2006).
Duncan & Williams 2002, 
Diez et al. 2008
Phylogenetic Affinity with 
native flora
Contrary to Darwin’s classical 
Naturalization Hypothesis, non-
native plant species more 
phylogenetically related to the 
native flora have a better 
chance for establishment.
Annapurna & Singh 2003. Phenotypic Plasticity Species that can rapidly and 
accordingly readjust fitness 
traits, e.g. plant height, without 
requiring the longer-taking 
genetic adaptation to enable 
such changes are stronger 
competitors with higher 
potential to spread, since they 
can take advantage of short 
opportunity windows, such as a 
stochastic change in an abiotic 
variable.
Scott & Panetta 1993, 
Reichard & Hamilton 1997.
Weed Status in source region or 
elsewhere
Species with weedy behaviour 
in the native range or elsewhere 
are more likely to be weedy.
Elton 1958, van Ruijven et al. 
2003, Richardson 2004, 
Sullivan et al. 2004.
Ecosystem Invasibility Besides characteristics of 
species themselves, certain 
habitat aspects, such as close 
proximity to the metropolis, a 
high disturbance regime, or low 
native species diversity, can 
make an ecosystem prone to 
invasion. In habitats rich in 
native species, niches are 
already occupied and resources 
are fully utilized, leaving little 
available for exploitation by 
invaders (but see Lonsdale 
1999).
Schierenbeck et al. 1994, 
Maron & Vilà 2001, Mitchell 
& Power 2003, Torchin et al. 
2003, Colautti et al. 2004, Liu 
& Stiling 2006. 
Enemy Release Absence of co-evolved enemies 
in the introduced region eases 
demographic suppression on 
prey/hosts, thereby leaving 
them to spread (but see Clay 
1995, Agrawal & Kotanen 
2003, Lake & Leishman 2004).
 1.4 Thesis Aims and Objectives
Since Thomson’s (1922) and Elton’s (1958) pioneering work on invasions in New Zealand 
and America, respectively, research has made much progress in improving our knowledge in 
many areas of invasion. Thomson (1922), an ecologist based in Dunedin, New Zealand, 
remarkably described in a qualitative sense many of the patterns and processes of invasion 
that have only been quantified in the last decade. Some specific invasion cases have been 
well studied, such as the case of the water-sucking Prosopis in southern Africa, predatory 
land snails in Hawai’i, and land mammals in New Zealand discussed earlier. In many other 
cases, however, the behaviour of introduced species or their impacts are far less clear. Some 
fundamental aspects, such as what attributes make a species invasive, remain poorly 
understood (Richardson et al. 2000, Prinzing et al. 2002). This thesis aimed to improve our 
knowledge of the factors that increase the chance of plant species becoming invasive. This 
knowledge is needed to help us formulate strategies of how to best respond to biological 
invasion threats. 
I combined an analysis of available data for the flora of southern Africa with a detailed field 
study of Cotyledon orbiculata, a southern African plant that is currently thriving in New 
Zealand in areas seemingly beyond the climatic conditions in its native range. The objectives 
of the thesis were to:
1. Identify which plant traits recorded in the flora of southern Africa may help determine 
which species are likely to become invasive. 
2. Assess the importance of natural enemies and whether their absence or reduction in the 
non-native New Zealand habitat translates into less damage, based on a field study of the 
southern African succulent plant C. orbiculata as model species.  
The thesis is arranged into four chapters. Chapter 1 is the background to the thesis. Chapter 2 
addresses objective 1, while objective 2 is addressed in Chapter 3. Chapter 4 contains a 
conclusion highlighting key findings as well as some aspects for further research.
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 Chapter 2 Predicting success of southern African 
plants across three invasion stages in New Zealand
 2.1 Introduction
Invasive species cause a great deal of damage. The best time to control them is at the border 
or early in establishment. But most imported plants have proven to be harmless, and many are 
valued by people. Therefore, there is a strong need to be able to predict in advance which 
plants are likely to become invasive and which are likely to remain benign. 
Species that become invasive would have gone through a series of stages (Kolar and lodge 
2001, Gravuer et al. 2008). These stages are real, but hard to define precisely. Also, the 
invasion terminology is large and consists of many casual terms that are used to mean 
different things in different places, resulting in confusion sometimes. In this study I followed 
the scheme proposed by Richardson et al. (2000), which has three main stages: introduction, 
naturalization, and invasion. Below I describe these stages in more detail, as well as 
associated terms I have used. 
 2.1.1 Stages and terminology
Plant introduction: this first stage of invasion is when a “plant (or its propagule) has been 
transported by humans across a major geographical barrier” (Richardson et al. 2000; Table 1). 
These transportations have been either deliberate or accidental (Richardson et al. 2000, Kolar 
and Lodge 2001, Gravuer et al. 2008). While in some regions most plant introductions have 
been accidental, such as in Chile (Arroya et al. 2000; cited in Castro et al. 2005), in others 
they have been deliberate, such as in the USA where more than 50% of the non-native plants 
have been purposely introduced for human use (Mack and Erneberg 2002). Deliberate 
introductions characterise plants that are useful to humans either as forage, food, fibre, 
medicine, or ornamental (Mack and Erneberg 2002).
Naturalisation: naturalisation, the next stage after introduction, “starts when abiotic and 
biotic barriers to survival are surmounted and when various barriers to regular reproduction 
are overcome” (Richardson et al. 2000; Table 1). This stage is characterised by plants that are 
able to produce seedlings that can reproduce in turn, although often at close proximity to the 
parent plants (Richardson et al. 2000). Furthermore, naturalised plants are able to sustain their 
populations in the landscape independent of direct human assistance (Richardson et al. 2000). 
Plants that do manage to escape into the landscape but require constant inoculation of 
propagules to maintain populations are termed casuals, a stage perceived to be between 
introduction and naturalization (Richardson et al. 2000, Dehnen-Schmutz et al. 2007). Like 
many authors, I have not separated casual from naturalised in this study. 
Invasion: the labelling of a species as invasive has been subjective. Generally, species 
categorised as invasive are a subset of those naturalised. Richardson et al. (2000; Table 1) 
have distinguished this stage as consisting of “naturalised plants that produce reproductive 
offspring, often in very large numbers, at considerable distances from parent plants…and thus 
have the potential to spread over a considerable area”. The authors have further emphasised 
that invasive does not imply impact. I have used the term hereafter in this sense. I have also 
synonymously referred to invasive plants as “weeds” or plants that have “spread”, because 
these three terms have been generally taken to mean the same thing. I have not distinguished 
in my analyses between plants that have become invasive in modified landscapes 
(agricultural/economic weeds) and those that have become invasive in natural vegetation 
(environmental/biodiversity weeds), since some plants in my dataset have been observed 
spreading in both landscapes. Furthermore, I have in some places collectively referred to the 
later invasion states (naturalisation and invasion) as “establishment”. 
 2.1.2  Stage-specific analysis
Invasion dynamics are best studied stage-by-stage, because some processes function 
differently at each stage (Kolar and Lodge 2001, Gravuer et al 2008, Diez et al. 2008). The 
introduction stage is often distinct. However, the boundary between naturalisation and 
invasion is not always clear, partly due to the subjective definition of what constitutes an 
invasive species. Some opinions have been that in some cases it is only a matter of time 
before a non-invasive species becomes invasive (Kolar and lodge 2001). Furthermore, 
separating naturalisation and invasion is sometimes difficult due to paucity of data. Many 
studies (e.g. Scott and Panetta 1993, Lloret et al. 2004, Castro et al. 2005, van Kleunen et al. 
2007) have treated the two stages as one, yet we see in others (Gravuer et al. 2008) that 
success at the naturalisation stage is characterised by a different combination of factors from 
that at the introduction or invasion stages. While the exact location of the stage boundaries 
may vary between datasets and publications, it is clear that most introduced species do not 
naturalise, and most naturalised species do not become widespread or abundant enough to be 
invasive. Although difficult to define precisely, the explicit consideration of these stages as 
separate milestones is likely to improve our understanding of invasions and also to enable 
independent prediction of success at a particular stage. 
The introduction stage, although more precisely definable, has often been missing from 
invasion analyses (van Kleunen et al. 2007, Gravuer et al. 2008). Most studies that have 
attempted to identify factors significant for naturalisation (e.g. Scott and Panetta 1993, Lloret 
et al. 2004, Castro et al. 2005) have looked at how the naturalised plants are an unusual 
subset of all source country's plants, thereby skipping the intermediate stage (introduction). 
Although stages are different in some fundamental aspects, one stage may influence an 
outcome at another (Gravuer et al. 2008). It is therefore important to include in analyses all 
major steps in the invasion process to better understand outcomes. In the present study, there 
was an advantage of knowing the intermediate step of which plants were introduced and to 
see whether including a list of known introductions changed the outcome of analyses of 
which traits promote naturalisation. 
 2.1.3 Species traits 
As discussed in Chapter 1, there have been several hypothesised determinants of invasion. In 
this chapter I have focussed on species traits. It has been proposed that species may possess 
certain traits that enhance invasive behaviour (Rejmanek and Richardson 1996, Radford 
Cousens 2000, Kolar and Lodge 2001). These traits could be used in a priori screenings to 
determine which species are likely to become invasive if introduced, and therefore to help 
direct biosecurity management decisions. Traits that are not dependent upon post-introduction 
processes, such as native range characteristics, could be especially useful (Scott and Panetta 
1993). Some authors have found empirical associations of some species traits with 
establishment. For example, in a study of 534 randomly chosen non-native ornamental 
species in Britain, Dehnen-Schmutz et al. (2007) found that plant height, tolerance of cold 
temperatures and an annual life form were significant at the casual stage (garden plants 
escaping into the landscape but not permanently establishing), while a wide native range and 
having a British congener (a species belonging to the same genus) were important for the 
naturalisation stage. However, despite positive results in some studies, others have found no 
connection between species traits and invasion. Castro et al. (2005), for example, analysed 
428 non-native plant species in continental Chile and found that plant traits (biogeographical 
origin and life cycle) negligibly accounted for the spread of the naturalised species. On the 
other hand, historical factors, such as residence time, were more important in explaining 
naturalisations in their study area. Similarly, Lloret et al. (2004) tested 416 non-native plant 
species across eight Mediterranean Islands and found that none of the traits tested (life history 
characteristics – dispersal syndrome, stem height, and growth form) could be associated with 
spread on the islands.
Other authors have argued that insufficient sample sizes (Kolar and Lodge 2001, Smith and 
Knapp 2001; cited in Lake and Leishman 2004) and un-standardised measures of invasion 
success (Prinzing et al. 2002, Theoharides and Dukes 2007) have contributed to the failure to 
identify important factors and to achieving generalizations from studies. Also, responses of 
introduced species vary depending on circumstances in their introduced range (Hegel and 
Trepl 2003, Theoharides and Dukes 2007). Hence studies need to be conducted in different 
ecosystems to identify system-specific dynamics and, where results are comparable with 
other studies, to help clarify fundamental facets of biological invasions. 
Except some individual species accounts, the southern African flora has not been studied 
before in New Zealand, yet some of the major weeds on the island are native to the region 
(discussed in Chapter 1). I therefore took the opportunity to study the introduced southern 
African flora, focusing on the species traits listed in figure 2.1. Below, I discuss this flora 
further as well as outline some of its characteristics that render it ideal for studying invasion 
dynamics. 
 2.1.4 Contribution of this chapter
In the effort to clarify what factors cause some species to naturalise and become invasive, this 
chapter improves on the previous studies by using the entire flora of southern Africa, 
comprising 21,153 species excluding infraspecific taxa (Germishuizen et al. 2006), to 
determine the importance of species traits at three stages of invasion. To my knowledge no 
one to date has been able to employ a complete flora of a source region and such a large 
dataset to assess the probability of invasion success. A large flora confers, in addition to 
statistical robustness, applicability of the results since a wide range of taxa and traits are 
represented in an analysis. A major constraint in previous studies has been paucity of records, 
particularly at the introduction stage. Studies that have recognised the need for stage-based 
assessments have mainly focussed at the naturalization and/or invasion stages (e.g. Scott and 
Panetta 1993).  The few that have attempted to include the introduction stage have had to 
restrict their scope to a few taxa, such as van Kleunen et al. (2007) in South Africa, who 
addressed only one family, Iridaceae (iris family), or Gravuer et al. (2008) in New Zealand, 
who studied one genus, Trifolium (true clover). As discussion earlier, it is important to 
include the early stage of invasion in an analysis, if one is to put into perspective the 
outcomes observed at later stages. Restricting to a single taxon, while it may help eliminate 
noise from unrelated factors, decreases the sample size, which would reduce the ability to 
detect important factors (Kolar and Lodge 2001). It would also decrease the generality of an 
outcome. For example, the results of Gravuer et al. (2008) from Trifolium, an important 
pastoral species with strong human connections and nitrogen-fixing abilities, may not 
generalise well to most plant invasions. My study was able to address these obstacles as a 
result of both New Zealand and southern Africa holding comprehensive records of their 
floras. 
 2.2 Aims and objectives
This chapter aimed to add to our knowledge of the factors that increase the chance of plant 
species being introduced into a country and naturalising and becoming invasive, through an 
assessment of the role of plant traits in the invasion of novel habitats or non-native 
environments. This knowledge will support development of predictive tools for early 
intervention in the invasion process. To achieve this aim, the specific objectives outlined 
below were carried out: 
1. Following the standard description of invasions as a series of transitions, i.e. 
introduction, naturalisation, and invasion, I sought to identify the traits of southern 
African native plants introduced into New Zealand that may help determine which 
species best make each of these transitions. As recent work has shown (e.g. Gravuer et 
al. 2008), different traits are important at different stages. 
2. This was also an opportunity to see whether including a list of known introductions 
changed the outcome of analyses of which characteristics promote naturalisation. 
Most such studies (e.g. Scott and Panetta 1993) have looked at how the naturalised 
plants are an unusual subset of all source country's plants. In this study there was an 
advantage of knowing the intermediate step of which plants were introduced.
 2.3 Methods
 2.3.1 Data gathering and preparation 
To assess which characteristics were associated with the introduced, naturalised and invasive 
southern African plant in New Zealand, six floras were collated from various sources to 
produce a dataset consisting of all described southern African native vascular plant species 
and their attributes. The dataset showed which species have been introduced into New 
Zealand, which have naturalised, which have become invasive, which are endemic to 
southern Africa, and which have New Zealand relatives (conspecifics, congeners, and 
confamiliars). This work was possible as a result of both southern Africa and New Zealand 
having unusually complete records of their floras, perhaps a result of major environmental 
work efforts. New Zealand’s achievement has been recently recognised in the Guinness 
World Records, which crowned New Zealand the best environmentally-performing country in 
the world, out of 133 countries (Guinness World Records 2008; page 31 of the UK edition). 
Biosecurity work in New Zealand has also meant that there is available an attempt at a 
comprehensive list documenting all vascular plant species that are known to have been 
introduced into the country, totalling 25,049 (Diez et al. 2008). Also, remarkable progress in 
southern Africa has of recent availed a complete electronic checklist of the region’s known 
and described native plant species. From these two lists, it was for the first time possible to 
produce a list of all southern African plant species that have been introduced into New 
Zealand, totalling 3,076 excluding infraspecific taxa. Of these, 240 were identified as having 
naturalised, while 48 have become weeds. 
The floras used were: Flora of Southern Africa (FSA), southern African endemic plant list, 
New Zealand introduced plant list (MAF), New Zealand naturalised plant list, New Zealand 
weed list, and New Zealand native plant list. These lists and the editing done on each before 
merging are described below. Editing was conducted using grep in BareBones text editor 
(BBEdit), while merging and analysis were done mainly in R. The species attributes assessed 
in the analyses came from the FSA. These were: family, synonyms, lifecycle, growthform, 
distribution in southern Africa, minimum plant height, maximum plant height, minimum 
altitude, and maximum altitude. Several editing steps were carried out to improve data 
quality, compatibility with R as well as to facilitate the merging of floras and analysis of 
individual or groups of traits. Some important considerations and assumptions made are 
outlined in the following: 
i) First, after editing the individual floras, the FSA (with a total of 29,562 species 
including infraspecific taxa) was merged with the MAF (consisting of 28,777 species 
including synonyms). Merging was done by matching the FSA species by all species in 
the MAF, both current and synonyms. This was crucial in addressing possible problems 
caused by different current names being used in southern Africa and New Zealand.
ii) Because the MAF listed plants up to only the species level (except in very few cases) 
while the FSA listed also infraspecific taxa (subspecies and varieties), merging by 
specific names created duplicates in the dataset. To deal with this, infraspecific taxa 
were removed. This was done by randomly choosing one infraspecific taxon. Then the 
taxon’s infraspecific name was dropped and its attributes assumed to represent the 
whole species. 
iii) All MAF species that did not match with the FSA were then removed from the 
dataset. Also, species non-native to southern Africa and non-vascular species 
(Bryophytes and Lichens) were removed, leaving only southern African native vascular 
plant species in the merged dataset, which numbered a total of 23,534 species. Of these, 
3,076 matched with the MAF (i.e., have been introduced into New Zealand). Although it 
could not be determined which of the 3,076 introduced species actually originated from 
southern Africa because they could also have been imported from elsewhere within the 
native range, it was expected that a significant proportion would have been from 
southern Africa, since 62% of the region’s flora is endemic (Germishuizen et al. 2006) 
(Goldblatt 1997 cites 81%). 
iv) To categorise which of the introduced species were endemic to southern Africa, the 
southern African endemic list was merged with the dataset, using, again, specific names. 
Merging by specific names however meant that the whole species in the dataset was 
indicated as endemic, even when only one infraspecific taxon was endemic. But because 
the endemic list was derived from country lists and from inventories of endemic 
localities within countries (thereby reflecting country rather than regional endemism), 
the probability was high that the entire species is endemic to the region. For example, 
Lithops karasmontana (Dinter and Schwantes) N.E.Br. subsp. karasmontana var. 
aiaisensis (de Boer) D.T.Cole, listed endemic to Namibia, resulted in categorising as 
endemic the entire Lithops karasmontana species in the FSA/MAF dataset. Indeed, the 
entire Lithops N.E.Br. genus is endemic to southern Africa (Smith et al. 1998). After 
merging the endemic list with the FSA/MAF dataset, 3,141 species in the dataset were 
flagged as endemic to southern Africa, of which 362 were introduced into New Zealand. 
v) Because a complete list of southern African endemic plants was not available, the one 
compiled in the present study accounted for only 24% of the region’s 13,100 endemic 
plant species (Germishuizen 2006). Well over 362 southern African endemic plant 
species would have been introduced into New Zealand.
vi) The other three floras (New Zealand naturalised, invasive, and native plant lists) were 
subsequently added to the dataset in a similar way, resulting in a record of southern 
African plants across three invasion stages in New Zealand (Figure  2.1 and 2.2), 
including whether a species has New Zealand native relatives. 
vii)  In addition to the considerations taken in merging the floras as outlined above, 
several other steps were undertaken to clean and reformat species attributes in the 
dataset, with important assumptions made in some cases, as follows; Plant height: 
height was recorded in the FSA in meters. Numbers that were too high (e.g. 1000 m, 
probably a unit oversight) were readjusted by checking against the heights of congeners 
for a more reasonable estimate, or by looking up a species. Only maximum height was 
analysed as it was assumed to be more important than minimum height. Life cycle: 
multiple life cycles were recorded for some species in the FSA. Among the 23,534 
species, there were 518 Annual/Occasionally Perennial, 155 Perennial/Occasionally 
Annual, and 22 Annual or Biennial. Where multiple life cycles appeared, the normal life 
cycle, rather than the occasional one, was assumed. In the case of Annual or Biennial, 
the shorter life cycle (Annual) was considered instead. Growth form: 31 different 
growth forms were recorded, with some represented by only a few species. Hence, 
growth forms were collapsed into bigger groups, which were further classed according 
to structural and habitat categories (Figure  2.2). Appendix 2.1 shows the original 
growth forms and how these were grouped. Geographic distribution: all recorded 
regions of occurrence were assumed to be the same size. That is, geographic extent in 
southern Africa was weighed in terms of number of regions a species has been recorded 
occurring in, not considering the sizes of the regions. Altitude: with regard to altitude at 
which a species has been recorded growing in southern Africa, some records were 
higher than the highest point in southern Africa (maybe unit oversights or instrument 
errors). Hence maximum and minimum possible altitudes in each country were looked 
up and these were used to set limits. For example, the geophyte Litanthus pusillus,  
recorded occurring from 650 to 5072 m a.s.l. and growing in South African provinces of 
Orange Free State, Kwa-Zulu Natal, as well as in Lesotho and Swaziland, had its 
maximum altitude readjusted to 3,482 m a.s.l., the highest altitude in its range (Lesotho, 
George Philip and Son Ltd 1986). Maximum altitude and altitude range (maximum 
altitude-minimum altitude) were analysed, rather than maximum and minimum altitude 
which were more closely correlated. 
 2.3.2 Description of floras used
FSA: this was a comprehensive list of described plant taxa native to Botswana, Lesotho, 
Namibia, South Africa, and Swaziland. This list is available in hard copy (Germishuizen and 
Meyer 2003) as well as online at http://posa.sanbi.org/searchspp.php. Initially, an electronic 
list of South African and Namibian plants was bought from the South Africa National 
Botanical Institute (SANBI) in Pretoria. Later, when a comprehensive southern African flora 
was accessible free of charge on the internet, this was downloaded 
(http://posa.sanbi.org/searchspp.php, accessed latest 20 October 2007), ticking, in the query 
box of the database, the “FSA” region category and all other optional information associated 
with the flora. These included: scientific name authorities, family, whether naturalised or 
native, synonyms, life cycle (annual, perennial, biennial), growth form (herb, bryophyte, 
cyperoid, helophyte, mesophyte, graminoid, climber, shrub, dwarf shrub, tree, epiphyte, 
haptophyte, pleustophyte, succulent, xerophyte, lichen, parasite, geophyte, lithophyte, 
hydrophyte, hyperhydate, scrambler, suffrutex, restioid, emergent hydrophyte, tenagophyte, 
creeper, carnivore, cremnophyte, sudd hydrophyte, epihydrate), minimum height, maximum 
height, minimum altitude, maximum altitude, and distribution in southern Africa (whether 
FSA [entire region], Botswana, Lesotho, Namibia, South Africa, Swaziland, Cape Province, 
Eastern Cape, Western Cape, Northern Cape, Gauteng, Kwa-Zulu Natal, Limpopo, 
Mpumulanga, North West, Transvaal, Free State). The downloaded list contained a total of 
29,562 species including infraspecific taxa and naturalised non-native plants.  
Southern African endemic list: although the FSA contained all southern African plant 
species, those endemic to the region were not flagged, and there was no comprehensive list 
available. Therefore, as many lists as possible of endemic species were collated from the 
literature and online sources. These were: Matthews et al. 1993, McDonald and Cowling 
1995, Thuiller et al. 2005, Carbutt and Edwards 2006, Helme and Trinder-Smith 2006, 
http://www.soutpansberg.com/workshop/annex/flora_endemic_list.htm; accessed 9 February 
2008, and
http://www.sabonet.org.za/reddatalist/reddatalist_database_download.htm; accessed 12 
February 2008. The seven lists were of endemic localities across southern Africa, thereby 
representing the region rather than biased to one area. They were also in varying formats and 
file types, ranging from scanned images to Access (.mdb) files. The scanned list (McDonald 
and Cowling 1995), consisting of 159 taxa, was re-typed. To be consistent with the 
delimitation of southern Africa used in the FSA database, only plants endemic to an area 
within the boundary including Namibia, Botswana, South Africa, Lesotho, and Swaziland 
were considered. Taxa labelled on any list as near-endemic, suspected near-endemic, or 
suspected endemic were taken as endemic. The seven lists were merged using scientific 
names, yielding a total of 3,141 species (excluding infraspecific taxa and overlaps).
MAF: this was a list of all known non-native vascular plant species introduced into New 
Zealand. The list was obtained from the New Zealand Ministry of Agriculture and Forestry 
(MAF), updated to 2006. Initially, it contained 28,777 species including synonyms. 
Naturalised list: the list of naturalised plants in New Zealand was obtained from H. 
Gatehouse (Unpublished). It had 2,256 species excluding infraspecific taxa, that have been 
recorded casual or naturalised in at least one New Zealand region by 2000. 
Weed list: this list was made up of species classified as weeds by the New Zealand 
Department of Conservation (DoC) as well as those listed in at least one New Zealand 
Regional Council Pest Management Strategy. The DoC weed list was a subset of the 
naturalised list obtained from H. Gatehouse (Unpublished), while the Council weed list was 
obtained from J. Sullivan (Unpublished). The combined weed list contained a total of 319 
species excluding infraspecific taxa.
New Zealand native flora: this was a list of all recorded New Zealand native plant taxa 
(obtained from the Plant Names database, Landcare Research, 2007), containing a total of 
2,377 species including infraspecific taxa. It was used to determine which southern African 
species had New Zealand relatives.
After the six lists were edited and merged, southern African plants across three invasion 
stages were further separated into two groups: endemic or native. Within each group and at 
each stage, eighteen species traits were analysed, as described in the following section.
 2.3.3 Statistical analysis
Association of eighteen traits (listed in figure 2.1) with introduction, naturalization and 
invasion was analysed with Generalised Linear Mixed Models with a binomial error 
distribution using the glmmML package in R statistical software, Version 2.6.0 
(http://www.R-project.org). R was preferred since it is both powerful and open-sourced. The 
attributes were fed into the models in the order that they are listed in figure 2.1, with the 
success/failure of each species at a stage modelled as a binomial response variable. In all 
models, plant family was included as a random effect. The models were then run separately 
for the endemic and native groups and also independently for each invasion stage. At each 
stage, an explanatory variable that had a negligible effect on the analysis outcome was 
removed from the model using stepwise selection. Four traits (annual, biennial, parasite, and 
graminoid) did not make any of the six models (Figure  2.1 vs 2.3). Figure 2.1 further shows 
the numbe od species analysed in each group and at each stage.
  
  Figure 2.1 Analysis set-up. Species were separated into two groups (Endemic/Other 
natives) which were analysed separately at three invasion stages in New Zealand (NZ) 
according to the explanatory variables (species traits) listed in the diagram, using Generalised 
Linear Mixed Models with a binomial error distribution. Variables are listed in the order in which 
they were entered into a model. To get a best fit at each stage, the model readjusted the list by 
dropping and/or adding variables. The variables appearing in this diagram are the full set at 
the beginning of the analyses. Categorical ones are indicated by “cat” and continuous ones by 
“cont”. The number of species analysed in each group and at each stage is shown. Also, the 
total number of species recorded in the Flora of southern Africa having a trait is indicated 
alongside the trait. SA = southern Africa. NA = trait not recorded
Lifecycle cat
1. Annual           2,168  
2. Biennial         41  
 3. Perennial       19,583     
NA             1,742       
Structure cat
4. Shrub             12,959
5. Herb             39
6. Climber          667
7. Geophyte       3,441
8. Graminoid     839
9. Parasite          359
10. Tree             1,088
NA                     2,703
Habitat type cat  
11. Aquatic        711          
12. Desert          4,131       
NA             17,253     
Phylogeny cat
13. NZ congener             2,726
14. NZ confamilier          16,015
Geographic distribution cont
15. No. regions in SA      23,534
Plant height cont
16. Max. height             19,258
   NA                            4,276
Altitude cont
17. Min. altitude             14,863
                    NA              8,671
18. Range
                    (Max. Altitude)           17,493
   (NA)                6,041
   Introduction                       Naturalisation                          Invasion 
 362 59
 14
2,714
181 34
Endemic   
3,141
  Other natives
  20,393
  
 2.4 Results
 2.4.1 Proportions among the introduced flora
After collating six floras, the identity, number, and proportions of introduced vascular plant 
species native to southern Africa could be determined at three invasion stages in New 
Zealand (Figure  2.2). Of the total non-native flora, 12% is southern African, while of the 
total naturalised flora, 11% is southern African. Among the weeds, southern African ones 
make up 15%. Both the introduced southern African plants and the total introduced flora 
depicted figures close to the ten’s rule, which predicts that about 10% of the flora introduced 
to a region will naturalise and about 1% will become invasive (Williamson and Fitter 1996, 
Hulme 2003). For southern Africa, 7.8% of the introduced species have naturalised, while 
1.6% have become weeds. In comparison, the numbers for the total introduced flora are 9% 
naturalised and 1.3% invasive (Figure  2.2).
  Figure 2.2 Proportions of southern African (SA) vascular plant species introduced into New Zealand (NZ) across three invasion stages. Of the 
total non-native species, 12% are native to SA. The bolded proportions are consistent with the ten’s rule (Williamson and Fitter 1996). Data sources: 
1 Richardson and Pyšek 2006, 2 Diez et al. 2008, 3 Present study (as described in Methods).  The invasive plants (319 species) include environmental 
weeds that are actively managed by the NZ Department of Conservation and species recorded as pests in at least one regional council. 
23,534 SA flora3 
   
Introduced
25,049
 total introduced into NZ2 
10% of world flora
3,076 
SA introduced3
12% of total introduced
13% of SA flora
World vascular flora
260,000 species1 
Naturalised3
2,252 
9.0% of total introduced
240
11% of total naturalised
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Invasive3
319
14% of total naturalised
1.3% of total introduced
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15% of total invasive
20% of SA naturalised
1.6% of SA introduced
 2.4.2 Patterns of species traits
The analyses of southern African plants at three invasion stages were separately performed on 
two groups, one consisting of endemics and the other of natives. Endemics by definition 
originated in southern Africa, while we cannot discount the possibility that some of the 
southern African natives in New Zealand originated in other parts of their range. Some traits 
analysed, such as native range size, required that the full native distribution was accounted 
for. This was not possible to ensure for all species and it is an inherent problem in many 
studies of invasion. However, a high plant endemism rate was a strong point for this region 
(62% excluding infraspecific taxa in Germishuizen et al. 2006, 81% in Goldblatt 1997), 
which meant that only a limited number of species assumed to be from southern Africa could 
have been from elsewhere. Another point to note is that since a complete list of endemics was 
not available, the native group probably contained many endemics, and the different results 
from the two groups could be due to a smaller sample number of the endemic group rather 
than to endemism itself. To deal with this, I have presented mainly results that were 
consistent between the two groups so that I can be confident that the outcomes presented are 
relevant for the entire flora. Also, in-group trends should be less affected by this bias, since 
failed and successful species within a group are compared. Still, endemic plants are an 
unusual subset of the native flora and analysing them separately was an opportunity to see 
what invasion processes could be linked to endemism.
. 
i) Patterns across the invasion spectrum 
There were more significant variables at introduction: the results for both endemic and 
native groups showed that there were more traits that were significant at the introduction 
stage than at the subsequent stages (P < 0.05, Figure 2.3, Table 2.1). 
High country species had a better chance to succeed at any stage: of the fourteen traits 
analysed, only minimum altitude (which had a negative effect) was consistently significant at 
all three stages for both groups (P < 0.001, Figure 2.3, Table 2.1A–F). This means that low-
land plants have not been favoured for import into New Zealand, neither are they likely to 
naturalise or become invasive.
A wide native distribution, both in terms of geographical spread and altitudinal range, 
progressively decreased in importance as invasion advanced: among the introduced 
endemic plants, number of regions in the native range in which a species was recorded was 
strongly significant at introduction (P < 0.001, Figure 2.3, Table 2.1A), but only moderately 
significant at naturalization (P < 0.01, Figure 2.3, Table 2.1B), while at invasion this variable 
dropped out of the model altogether (Figure  2.3, Table 2.1C). This pattern was similar for 
altitude range and for the native group. 
Ties with the native flora favoured entry of the endemics into the New Zealand 
landscape: the different outcomes of the endemic and native groups with regard to 
relatedness with the New Zealand flora are worth noting since there has been much debate on 
the subject. The analyses on the endemic group showed no affinity with the New Zealand 
flora at introduction (neither congener nor confamiliar was included in the introduction 
model). At the naturalization stage, affinity (confamiliar) became important, but not  
significantly so. At invasion, affinity (congener) became significantly important (P < 0.05, 
Figure 2.3, Table 2.1C). This pattern was reversed in the native group. Thus, while southern 
African endemic species that had New Zealand relatives were not likely to be introduced, 
they were likely to establish. On the contrary, southern African native species that had New 
Zealand relatives were likely to be introduced, but not likely to establish. 
Shorter plants were favoured at the later stages: although taller plants were favoured for 
introduction, it was the shorter plants that were more likely to establish. For the endemic 
group, maximum plant height was initially positively significant at introduction (P < 0.001, 
Figure 2.3, Table 2.1A), but became insignificantly associated with naturalization (Figure  2.3, 
Table 2.1B), while at invasion height dropped out of the model (Figure  2.3, Table 2.1C). 
Similarly at introduction of the natives, maximum height was strongly linked with 
introduction (P < 0.001, Figure 2.3, Table 2.1D). While it continued to be as significant at 
naturalization and invasion, it had a negative direction (P < 0.001 for both stages, Figure 2.3, 
Table 2.1E, F). That is, shorter plants were more successful at the last two stages.   
Long-lived plants have been favoured for introduction and are likely to become 
invasive: a perennial life cycle was significant in all introduction and invasion models (P < 
0.001 for all four models, Figure 2.3, Table 2.1A, C, D, F). 
  
ii) Stage-specific patterns 
Introduction – tall, long-lived, high country desert plants that occurred widely in the 
native range have been favoured for introduction: five traits (perennial life cycle, desert, 
geographical range, plant height and altitude range) were significantly positively associated 
with the introduction stage for both groups (P < 0.001 for all traits, Figure 2.3, Table 2.1A, D). 
Naturalization – high country species naturalised more easily: only minimum altitude, 
which had a negative effect, was significant at this stage for both groups (P < 0.001, Figure 
2.3, Table 2.1B and E). 
Invasion – long-lived plants from the high country in the drier regions were more likely 
to become weeds: for both groups, perennial lifecycle, desert, and minimum altitude 
(negative) were significant at the invasion stage (P < 0.05 [smaller in some cases], Figure 2.3, 
Table 2.1D, F). 
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  Figure 2.3 Results from Generalised Linear Mixed Models with a binomial error distribution showing significance and directions of variables 
at three invasion stages (see Table 2.1 for statistical coefficients and full model details). Variables are listed that are present in the minimum 
adequate model for each stage. Those shown along rightward arrows have positive effects at the respective stages, while those along downward 
arrows have negative effects. *P < 0.05, **P < 0.01, ***P < 0.001. 1 Life Cycle, 2 Climber, 3 Geophyte, 4 Herb, 5 Shrub, 6 Tree, 7 Aquatic, 8 
Desert, 9 New Zealand congener, 10 New Zealand confamiliar, 11 Number of distribution regions in southern Africa, 12 Maximum height, 13 
Minimum altitude, 14 Altitude range. 
Endemics
Other natives
  Table 2.1 Results of Generalised Linear Mixed Models with a 
binomial error distribution for predicting success of endemic and other 
native species at each of three invasion transitions. The explanatory 
variables important in the models are listed, in order of their entry in the 
models. In all models, plant family was included as a random effect. In table 
C, due to small numbers of endemic species having the individual structural 
traits at the invasion stage, they were grouped in some of the analyses. n = 
total number of species analysed at a stage. NZ = New Zealand. See figure 
2.3 for a diagrammatic presentation of the results.
A. Known endemics: Introduced
n = 362
Explanatory variable
(Main ‘fixed’ effects)
Df AIC
(= Start 1085)
LRT Pr(Chi) P Coef
(Intercept) -7.07
Life cycle 1 1105 22.01 2.717e-06 <0.001 1.18
Herb 1 1086 3.10 7.807e-02 N.S. -0.45
Desert 1 1113 29.84 4.685e-08 <0.001 1.84
No. Regions 1 1100 17.14 3.477e-05 <0.001 0.22
Max Height 1 1135 52.28 4.806e-13 <0.001 0.08
Min Altitude 1 1104 21.49 3.551e-06 <0.001 -0.001
Range Altitude 1 1093 10.39 1.268e-03 <0.01 0.000007
B. Known endemics: Naturalised
n = 59
Explanatory variable
(Main ‘fixed’ effects)
Df AIC
(= Start 220)
LRT Pr(Chi) P Coef
(Intercept) -14.20
Climber 1 222 3.76 0.053 N.S. 5.33
Geophyte 1 221 2.34 0.126 N.S. 4.43
Herb 1 222 2.79 0.095 N.S. 4.68
Shrub 1 223 3.90 0.048 <0.05 4.77
Desert 1 225 6.07 0.014 <0.05 -1.94
NZ Confamiliar 1 222 3.75 0.053 N.S. 1.32
No. Regions 1 230 11.50 0.001 <0.01 0.40
Max Height 1 222 3.13 0.077 N.S. 0.27
Min Altitude 1 233 14.71 0.000 <0.001 -0.002
Range Altitude 1 222 3.33 0.068 N.S. -0.0004
C. Known endemics: Invasive
n = 14
Explanatory variable
(Main ‘fixed’ effects)
Df AIC
(= Start 50)
LRT Pr(Chi) P Coef
(Intercept) -57.73
Life cycle 1 61 12.74 3.583e-04 <0.001 34.62
Structure-geophyte 4 54 12.22 1.575e-02 <0.05 7.77
Structure-herb   32.04
Structure-shrub 29.23
Structure-tree 14.41
Desert 1 56 8.29 3.993e-03 <0.01 25.62
NZ Congener 1 54 5.78 1.622e-02 <0.05 6.27
Min Altitude 1 65 16.99 3.766e-05 <0.001 -0.01
D. Other natives: Introduced
n = 2,714
Explanatory variable
(Main ‘fixed’ effects)
Df AIC
(= Start 5642)
LRT Pr(Chi) P Coef
(Intercept) -4.54
Life cycle 1 5730 90.01 2.372e-21 <0.001 0.15
Climber 1 5651 10.89 9.647e-04 <0.001 -0.90
Geophyte 1 5660 19.80 8.605e-06 <0.001 -1.17
Herb 1 5685 45.27 1.712e-11 <0.001 -1.53
Shrub 1 5658 17.91 2.314e-05 <0.001 -0.92
Tree 1 5644 4.05 4.404e-02 <0.05 -0.61
Aquatic 1 5645 5.45 1.959e-02 <0.05 0.73
Desert 1 5771 131.12 2.308e-30 <0.001 1.90
NZ Congener 1 5670 29.79 4.812e-08 <0.001 0.82
No. Regions 1 5686 46.46 9.350e-12 <0.001 0.12
Max Height 1 5876 235.90 3.082e-53 <0.001 0.03
Min Altitude 1 5688 47.98 4.304e-12 <0.001 -0.0007
Range Altitude 1 5679 39.48 3.314e-10 <0.001 0.0002
E. Other natives: Naturalised
n = 181
Explanatory variable Df AIC LRT Pr(Chi) P Coef
(Main ‘fixed’ effects) (= Start 658)
(Intercept) -3.52
Life cycle 1 685 28.79 8.070e-08 <0.001 -1.31
Climber 1 658 2.02 1.550e-01 N.S. 0.79
Geophyte 1 659 2.89 8.905e-02 N.S. -0.85
Herb 1 674 18.45 1.748e-05 <0.001 1.51
Desert 1 658 2.64 1.039e-01 N.S. -0.69
NZ Congener 1 659 2.79 9.480e-02 N.S. 0.57
No. Regions 1 659 3.66 5.588e-02 N.S. 0.09
Max Height 1 691 35.40 2.682e-09 <0.001 -0.02
Min Altitude 1 663 6.96 8.318e-03 <0.01 -0.001
Range Altitude 1 659 3.48 6.208e-02 N.S. 0.0001
F. Other natives: Invasive
n = 34
Explanatory variable
(Main ‘fixed’ effects)
Df AIC
(= Start 107)
LRT Pr(Chi) P Coef
(Intercept) -3.80
Life cycle 1 123 18.05 2.151e-05 <0.001 2.79
Geophyte 1 108 3.57 5.879e-02 N.S. -11.30
Desert 1 109 4.49 3.411e-02 <0.05 -1.92
Max Height 1 117 12.12 4.979e-04 <0.001 -0.01
Min Altitude 1 111 6.48 1.091e-02 <0.05 -0.004
Range Altitude 1 107 2.71 1.000e-01 N.S. 0.0004
 2.5 Discussion
 2.5.1 Southern African plants a besieging flora?
There is a perception in the New Zealand weed cycle that plants from southern Africa 
are particularly invasive (personal observation), a view that is intuitively legitimate 
given that some of the island’s most notorious “garden thugs” are southern African 
endemics, such as boneseed Chrysanthemoides monilifera, smilax Asparagus 
asparagoides, and iceplant Carpobrotus edulis. New Zealand has a comprehensive list 
of introduced vascular plant species, totalling 25,049 (Diez et al. 2008). Their origins 
are yet to be collated, except for the better documented naturalised subgroup. The 
present study has for the first time identified which ones are native to southern Africa. 
Of the total introduced flora, this source region accounts for 12% (3,073 species 
excluding infraspecific taxa), partitioned along the invasion spectrum in proportions that 
echo the ten’s rule (Williamson and Fitter 1996, Hulme 2003). Although these 
percentages are likely to change with time, they show that, at least at first glance, the 
southern African flora does not appear to be any more invasive in New Zealand than 
would be expected of most floras, suggesting that the large number of southern African 
weeds recorded in New Zealand is an artefact of extensive introduction. 
It is not surprising that southern African plants have been extensively introduced. 
Firstly, the region’s rich flora presents a large species pool. Excluding infraspecific taxa, 
21,153 species have been described for the region, of which at least 62% are endemic 
(Germishuizen et al. 2006). Southern Africa has the richest temperate flora in the world, 
making up more than 10% of the global vascular flora on less than 2.5% of the earth’s 
land surface area (Germishuizen and Meyer 2003). Secondly, the region’s flora is highly 
ornamental and is sought after all over the world (Thuiller et al. 2005). Hence a large 
flora coupled with a high demand in the ornamental garden industry would have 
resulted in the export of a large number of plants to many parts of the world, where 
some have been recorded naturalised or invasive. It is useful to put the New Zealand 
figures into a global context to better understand the invasion dynamics of southern 
African plants in New Zealand.
Thuiller et al. (2005, Figure 3) show propagule pressure for South African plants to 
several parts of the world (they estimated propagule pressure as the size of outbound 
tourism between 2000 – 2002 x amount of live plant specimens exported between 2001 
– 2003). They also show the number of South African species that have become weeds 
in natural/semi-natural landscapes around the world. It is interesting to note from their 
paper that, while propagule pressure to Australasia is small compared to other regions, 
Australasia has far more weeds. New Zealand and Australia together have almost twice 
as many weeds as the entire Europe, while Europe has the highest propagule pressure. 
New Zealand alone has almost as many weeds as the entire USA (34 and 36 species, 
respectively). It is expected, and it has been confirmed (Thuiller et al. 2005), that 
southern African plants typically become weeds in other mediterranean-type climates 
(Cape Flora Region climate), in places such as Mediterranean Europe, southwest 
Western Australia, parts of South Australia, central western Chile, and southwestern 
California (Thuiller et al. 2005, van Kleunen et al. 2007). New Zealand, a mostly 
temperate island with maritime weather patterns (Newstrom et al. 2003) but which has a 
large number of South African weeds, stands out as somewhat an anomaly. 
Being close to Australia, a main horticultural trade route to New Zealand (Esler and 
Astridge 1987), coupled with a strong garden culture are some of the possible 
explanations. For instance, Christchurch, New Zealand, has been recognised as a top 
garden city in the world in the Nations in Bloom Competition in 1997 in Madrid, Spain. 
Hence a garden culture would have attracted extensive introduction of the highly 
ornamental southern African plants. 
With regard to Australasia having a substantial number of South African weeds that 
does not match the current propagule pressure, it is possible that more plants have been 
exported to Australasia but indirectly, via, for example, Europe.  A historical perspective 
may also offer some explanation to the current scenario. Back in history, particularly 
before the Sues canal was built, many plants were probably exported directly to 
Australasia, since the Cape of Good Hope in South Africa served as a main stop-over 
for ships travelling from Europe to the Far East and Australasia, a one-way route 
eastwards for many sailing ships that returned via South America in order to follow the 
trade winds (Diamond 1999). Quite early on in South Africa there was organised trade 
in ornamental and other horticultural plants. By the end of the 1600s the Dutch settlers 
had set up a commercial botanic garden in Cape Town, where plants gathered from 
around southern Africa were brought and subsequently dispatched to the rest of the 
world (Cronk and Fuller 1995). Hence there were opportunities in the earlier days when 
Europeans started settling in Australasia to transport propagules from southern Africa, a 
link that may have introduced relatively more plants to Australasia than is suggested by 
the scenario depicted in Thuiller et al. (2005). 
It seems, then, apparent how it came to be that southern African plants are strongly 
represented at all invasion stages in New Zealand. For the present study, a large number 
of species across the invasion spectrum facilitated a more robust analysis of traits and 
therefore of which species might succeed or fail at certain stages. Such studies are 
needed to clarify what traits can help design more accurate predictive tools to better 
manage invasion threats (Kolar and Lodge 2001). Factors such as propagule pressure 
and residence time have been found to be strongly correlated with invasiveness. Their 
utility as forecasting means is however limited since they require that species are first 
introduced (Scott and Panetta 1993). Intrinsic traits of species hold potential as 
screening tools (Kolar and Lodge 2001). In the following sections I discuss further the 
results from the analyses and explore some possibilities as to what they mean both in 
the southern Africa–New Zealand system and outside this context.  
 2.5.2 Potential determinants of a stage
This study found that every stage of invasion had a unique suite of significant 
characteristics. This is in the sense that there was reshuffling within assemblages of 
traits at the stages, whereby the effects of some ceased while of others became more 
apparent. Out of a total of eighteen traits assessed, no more than three (perennial life 
cycle, plant height, and minimum altitude) were found to be significant at all three 
stages. This further validates the stage-based approach to predicting invasions, as some 
authors have advocated (Kolar and Lodge 2001, Gravuer et al. 2008).
The results further imply that introduction is much more predictable using species traits 
than naturalization or invasion, since more variables were strongly significant at 
introduction. That is, the eighteen plant traits examined in this study could help us 
isolate more definitely southern African plants that are likely to be introduced into New 
Zealand, but not so well those that are likely to establish and become problems. If we 
were asked to describe a typical plant introduced into New Zealand that naturally occurs 
in southern Africa, we would say that this plant is most likely a tall, long-lived desert 
plant that occurs widely in its native range both geographically and topographically. For 
a naturalised plant, all that can be said is that it is likely a higher country species. In the 
case of an invasive species, it would most likely be a long-lived high country succulent 
species. How well the minimum adequate GLM models of each transition stage predict 
the data however remains to be assessed. Nevertheless, the traits identified for each 
transition in this chapter could be further focussed on to see how they could be 
translated into useful criteria that could be fed into screening protocols to improve their 
reliability. Specifically for the southern Africa – New Zealand system, they hold 
potential for formulating a baseline forecasting protocol, as the one proposed for the 
southern Africa – Australia system by Scott and Panetta (1993). 
Some of the traits identified in the present study have also been assessed in other 
studies. Where my results are consistent with others, their applicability could extent 
beyond the environment of this study. On the other hand, those different may give 
useful insight into system-specific dynamics of invasion, a valuable opportunity since 
the southern Africa – New Zealand system has not been studied before at the flora scale. 
Below, I compare results from this chapter to those from other studies. I also synthesise 
what is thought to be the ecology behind some of these trait effects on the invasion 
process.
A useful comparison is van Kleunen et al. (2007), who analysed the influence of some 
of the characteristics analysed in the present study at the introduction and 
naturalization/invasion stages and also used the same Flora of Southern Africa database, 
but focussed on the Irridaceae (iris family), horticultural plants that have been exported 
from southern Africa to the world. I compare in this section the results from van 
Kleunen et al. (2007) and other papers listed in Table 2.2, adding also results from the 
older literature reviewed in Kolar and Lodge (2001, Table 3). This will show which of 
my trends are supported by others and are therefore likely to be general across systems, 
and which ones are unique. 
  Table 2.2 Comparison of species trait analyses with previous 
studies. The traits compared are limited to those assessed in the present 
study and those that yielded consistent results for the endemic and native 
groups. The numbers in the table represent the references, as listed below. 
The bolded ones denote a trait that was found to be significant at the 
respective stage, while the dim ones denote non-significant traits. A negative 
sign indicates a negative direction of an effect as found in the respective 
study. The references listed below are followed by the bio-geographical 
context of the study, with the arrow pointing from the source region to the 
introduced range, and by the number of species used in the respective 
analysis. Studies that did not differentiate naturalization and invasion appear 
under Invasion (2, 3, 6–9), while the one that differentiated casual and 
naturalization (5) appears under Naturalization for both stages. (1) Present 
study southern Africa → New Zealand 23,534 (2) van Kleunen et al. 2007 
southern Africa → World 1036 (3) Scott and Panetta 1993 southern Africa 
→ Australia 242 (4) Gravuer et al. 2008 World → New Zealand 228 (5) 
Dehnen-Schmutz et al. 2007 World → Britain 534 (6) Liu et al. 2006 
America (mainly) → China 126 (7) Lloret et al. 2004 World → 
Mediterranean islands 416 (8) Castro et al. 2005 World → Chile 428 (9) 
Thuiller et al. 2006 World → South Africa >500 (10–15) references within 
Kolar and Lodge 2001, Table 3.
Trait Introduction Naturalization Invasion
Life cycle Annual                                  6   8  10  11
Perennial   1                  4    1      4   6   8
Structure Climber     1            –5
Geophyte       1  1             7
Herb   1   1                      9
Shrub                 6     9
Tree                        9
Habitat Aquatic   
Desert   1    1  1          7      9
Phylogeny Congener                     5            3
Confamiliar    
Plant size Height   1       2         4  –1             5 10 –1  2    7   13   14   15
Range Native   1       2         4    1      4     5 10       2  3  4              12
Altitude Maximum          –2           –2
Minimum –1  –1 –1
Range   1    1   1
 2.5.3 Comparison with other studies
I found that A wide native distribution progressively decreased in importance as 
invasion advanced, both in terms of geographical spread and altitudinal range, with 
plants limited to the high country being favoured at the later stages. Following Table 2.2 
and with regard to native range size, van Kleunen et al. (2007) support this trend, 
whereby an extensive distribution in southern Africa increased the chance of irises 
being exported, but it did not advantage those that managed to establish any more than 
those that failed. In Australia, however, plants widespread in southern Africa had an 
advantage at establishment (Scott and Panetta 1993), while in New Zealand, Gravuer et 
al. (2008) conclude that introduced Trifolium species and those that naturalised or 
became invasive were all characterised by a large native range in Europe. Although 
outcomes differed at the later stages, all three studies that analysed native range size at 
introduction agree that widespread species have a higher chance of being introduced. 
It is intuitively expected that widespread species anywhere would be more encountered 
by people and would therefore stand a higher chance of being transported to other 
places. Plants with wider ranges may also be more likely to have been introduced by 
being more likely to grow in areas with many people and hence be selected for 
cultivation (Gravuer et al. 2008). A wide native range has further been interpreted as an 
indication of tolerance to erratic climatic conditions (Scott and Panetta 1993, Fahrig 
1999, Prinzing et al. 2002). This implies that widespread plants are more able to survive 
in diverse climates and after stochastic climatic events. Only about half of the studies 
(references 3, 4, 5, and 10) seem to agree however, while the other half (references 1, 2, 
and 13) suggest that climatic tolerance is not important for establishment. Below I 
propose a mechanism for these patterns, using the present study, van Kleunen et al. 
(2007), and Scott and Panetta (1993).  
Firstly, it is interesting to note the parallel trend for altitudinal range in the results from 
the present study. Like geographic spread, a wide range of altitude should indicate a 
higher probability of being encountered and also of surviving in variable climates. In 
the present study and in van Kleunen et al. (2007), an ability to tolerate different 
climates did not appear important for establishment, perhaps because plants came from 
climates similar to those in the introduced range. In van Kleunen et al. (2007), exported 
irises were mostly sourced from lowland southern Africa, and they also tended to 
establish in lowland regions. The authors suggest that the Irridaceae (e.g. Gladiolus), 
being a popular garden family reputed for its bright, conspicuous flowers, would 
probably be planted at low altitudes since major urban centres, which represent the bulk 
of gardens, tend to be located at low altitudes. The authors also mention that regions 
with similar climates to lowland southern Africa – mediterranean or subtropical – 
should better support establishment of irises. Indeed, southern African plants have 
typically established in such climates in Australia and north America (Thuiller et al.  
2005, van Kleunen et al. 2007). 
In the present study, introduced plants were mostly sourced from southern Africa’s high 
country, and it was also these plants that established better in New Zealand (those with a 
wider altitudinal range in the high country were most likely to be introduced, while this 
did not matter for establishment). As may be expected through orographic effects 
(Olszewski (2000), the southern African highland is moister and cooler – conditions that 
parallel lowland New Zealand (Leathwick et al. 2003). 
In the present study and in van Kleunen et al. (2007), plants that established had been 
sourced from a narrower geographic and altitudinal range, while in Scott and Panetta 
(1993) they had been sourced from a wide geographic range (the authors did not assess 
altitude). It is then possible that in the former studies plants were pre-adaptation to the 
climates of the recipient habitats, while in Scott and Panetta (1993) the ability to tolerate 
different climates may have helped plants establish. 
 While the three studies analysed the same flora, they got different results, suggesting 
strong system-specific processes at play. The implication is that in our search for traits 
that confer invasiveness, perhaps we need to consider more closely the different 
contexts that invasive species occur in, rather than anticipate similar results from across 
systems. 
In addition to a garden culture and trajectory scenarios discussed previously, the 
mechanism proposed here may also explain why New Zealand, whose climate is 
seemingly different from southern Africa’s, has a disproportionately large number of 
southern African weeds.
 2.5.3.1 Ties with the native flora favoured entry of endemics into the  
New Zealand landscape
Since Darwin’s day, whether being related to the native flora in the recipient community 
promotes or impedes a species’ establishment has been highly debated (Daehler 2001). 
The present study found that southern African endemic plant species that established in 
New Zealand were more likely to be taxonomically related to the native flora. 
Relatedness was not important for the establishment of native southern African plants in 
general. That is, although not likely to be introduced, once introduced, the endemic 
species having New Zealand relatives had a better chance to establish. 
The endemic results agree with Dehnen-Schmutz et al. (2007), who also found that 
being related to the native flora became important at a later stage. They analysed 534 
random ornamental plants introduced to Britain at two invasion stages and found that 
congeneric (being in the same genus) with the British native flora was not significant at 
the casual stage (a stage just before naturalization, sensu Richardson et al 2000), but it 
was significant at the naturalization stage. In New Zealand, Duncan and Williams 
(2002) also found the rate of naturalization of introduced taxa having New Zealand 
relatives to be significantly higher than for taxa without relatives. They analysed 749 
genera of non-native seed-plant species naturalised to New Zealand and found that the 
genera that were represented in the native flora by at least one species naturalised three 
times faster than those not represented, even though the represented flora comprised 
only 15% of the 749. 
The native results are in line with Scott and Panetta (1993), who found that congeneric 
with the Australian native flora was not significant in the establishment of 242 southern 
African plant species (Table 2.2, reference 3). These results are consistent with Darwin’s 
naturalization hypothesis, which posits that competition with relatives in the introduced 
range would likely hinder establishment (Darwin 1859). 
With regard to endemic congeners (e.g. Metrosideros angustifolia) not likely to be 
imported into New Zealand compared to native congeners, it may be that it is not worth 
the effort to try and get the harder-to-obtain endemics that are not so unique anyway 
(endemics in general would tend to be more range-restricted and to occur in extreme 
places). Rather, it may be easier to trade in the not-so-unique but readily available plants 
(native congeners). 
In the case of the endemic congeners establishing better in New Zealand than native 
congeners, firstly, endemic implies range restriction, and thus a better pre-adaptation to 
the New Zealand climate, as discussed in the previous section. Indeed, a high altitude 
effect (reported as negative minimum altitude) remained strong through out the invasion 
stages for the endemics, but it became progressively less significant for the native plants 
(Figure  2.3). Also, Figure 2.1 shows that 4% of the introduced endemics have become 
weeds compared to only 1% of the introduced natives. Thus, plants restricted to 
southern Africa’s mountain tops (which are in turn more likely to be restricted to the 
region) could have simply been better suited to New Zealand’s climate. Secondly, 
endemics related to the native flora could have additional advantage. Although having 
close relatives in the introduced ecosystem could mean direct competition or presence 
of potential natural enemies (Darwin 1859), it could also mean that introduced 
congeners possess characteristics in common with their native relatives that could pre-
adapt them to the situation in the new habitat, which, if strong enough, could offset the 
impeding effects of competition (Duncan and Williams 2002). 
Diez et al. (2008), who integrated community theory and invasion hypotheses to model 
outcomes of introduced native congener interactions at naturalization and invasion, 
indicate that there are many possible directions that the results from an invasion analysis 
could take. They also point out that an inherent problem with studies of the 
naturalization hypothesis is that such studies often do not ensue that the congeners 
under study are co-habiting and therefore actually interacting. Their assessment of 
phylogenetic relatedness as a predictive tool for invasion success is that it has limited 
potential. Nevertheless, the results from the present study suggest that there is a 
fundamental difference between endemics and natives that could be giving the endemics 
a head-start in the New Zealand ecosystem..
 2.5.3.2 Taller plants may be more likely to be introduced, but it is the  
shorter plants that are likely to establish
Also evident from Table 2.2 is that all three studies that have analysed plant height at 
introduction have also reported that taller species stand a higher chance of being 
introduced. Although plant height is insignificant at naturalization and invasion in some 
of the studies, none agrees with the present study that it is the shorter plants that are 
more likely to establish. Being more noticeable in gardens, taller plants would make 
better garden subjects and hence would be selected for introduction (van Kleunen et al. 
2007). Also, taller species would compete more effectively and should, therefore, have a 
higher level of naturalization (Rejmanek et al. 2005). It is not clear why shorter 
southern African plants make it better in the New Zealand landscape. It could be that 
they are not as easily spotted and therefore controlled. Analyses of the plant height 
effect on more floras naturalised in New Zealand would provide a better insight into the 
role of plant size in invasion.   
 2.5.3.3 Perennials are favoured for introduction and are more likely  
to become invasive
The finding that perennials are likely to be introduced and also to become invasive has 
been supported, but only in New Zealand (Table 2.2). A number of studies elsewhere 
have found life cycle to be non-significant in influencing invasion outcomes (Table 2.2, 
Lonsdale 1994, Wu et al. 2003). It would be interesting to pursue why the New Zealand 
results differ.
 2.5.4 Importance of including the Introduction stage
Ultimately, we want predictive tools to tell us what is most likely to cause problems if 
imported. From this perspective, it may seem only necessary to focus research efforts at 
the invasion or naturalization stages. Not surprising, most previous studies have 
focussed on these levels, leaving out the intermediate stage of introduction, in part due 
to paucity of data at the early stage. My results suggest that without the introduction 
stage, some patterns across the invasion spectrum would not be as obvious. If I had not 
included this stage I would not have been able to note the preadaptation/tolerance 
pattern I have described above, which, if pursued further in future studies, could add to 
our knowledge of invasion dynamics within systems.
 2.5.5 Conclusion
Plant traits and habitat characteristics such as those tested in this study may have 
predictive potential, particularly at introduction. 
Generalising invasion expectations across systems may lead to misleading conclusions. 
The behaviour of invasive species may be better understood within systems in which 
they occur. 
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 Chapter 3 Enemy release and climate: a case study of 
Cotyledon orbiculata in New Zealand and Namibia 
 3.1 Introduction
The southern African succulent shrub Cotyledon  orbiculata L. (Crassulaceae) has been 
observed growing in New Zealand in places that are markedly wetter than its native range. 
Furthermore, anecdotal observations indicate that the plant is performing well in New 
Zealand and spreading. One potential explanation for this is enemy release in New Zealand. 
Enemy release is one of the major hypotheses that have been formulated to explain the 
success of biological invaders outside of their native ranges (Elton 1958, Keane and Crawley 
2002, Colautti et al. 2004, Liu and Stiling 2006). It posits that in the native habitat, species' 
populations are often regulated by co-evolved enemies, but these enemies are typically left 
behind when species are introduced to novel habitats, in the absence of which the introduced 
species have a better chance to proliferate and become invasive (Elton 1958, Keane and 
Crawley 2002, Colautti et al. 2004, Liu and Stiling 2006). 
The Enemy Release hypothesis has been widely tested in invasion ecology (e.g. Crawley 
1987, Schierenbeck et al. 1994, Mack et al. 2000, Maron and Vilà 2001, Agrawal and 
Kotanen 2003, Torchin et al. 2003, Lake and Leishman 2004, Genton et al. 2005, Blumenthal 
2006), and a number of studies have found some evidence for it. For example, Mitchell and 
Power (2003) found European plants naturalised in the USA to be considerably less infected 
by pathogens compared to populations in the native range. The authors analysed fungal and 
viral pathogens on 473 plant species and found that  pathogen prevalence in the USA was on 
average less than a quarter (23%) of that in native Europe. They also found that both fungus 
and virus species were fewer in the USA, but fungi were much less than viruses: only16% of 
the number of fungus species in European populations was found in the USA, while 76% of 
the number of viruses recorded in Europe was recorded in the USA. Viruses, being systemic 
and more easily transmitted via seeds, are more likely to be co-introduced with their hosts to 
novel habitats (Colautti et al. 2004). In another example of enemy release Fenner and Lee 
(2001) in the South Island, New Zealand, compared the incidence of pre-dispersal seed-eating 
insects on the naturalised Asteraceae herbaceous species to that in the native populations in 
Britain. They found that of the 13 plant species examined in each country, only one in New 
Zealand (Senecio vulgaris L.) was infested (by a fruitfly larva), while 10 species were 
infested in Britain. Overall, 0.013% of the Asteraceae flowerheads examined in New Zealand 
were infested, compared to 6.24% in Britain. The authors suggest that a short residence time 
in New Zealand (having been introduced only about 100–200 years ago), low phylogenetic 
affinity with the native flora (only two species of the thirteen surveyed had New Zealand 
native congeners), and the fact that seed-eating insects occupy a highly specialised niche 
(which makes them less flexible to adapt to new plants) could be reasons why New Zealand 
populations had considerably less seed predators. 
 3.1.1 The debate
In a key review of the literature on the Enemy Release hypothesis published between 1994–
2004 Colautti et al. (2004) found that support for the hypothesis has mainly come from 
studies that have been conducted at the biogeographical scale, whereas community-scale 
studies have been inconclusive, with only one third of them having found evidence for enemy 
release. Biogeographical studies are those that have compared levels of enemy prevalence or 
impact on introduced hosts both in their introduced and native ranges, while community 
studies have compared introduced hosts versus close phylogenetic relatives (e.g. congeners) 
co-habiting in the introduced range (sensu Colautti et al. 2004). The review further outlines 
several plausible explanations for the discrepancy between biogeographical and community 
studies. One explanation is that at the biogeographical scale all introduced species are 
predisposed to lose natural enemies through the various screening steps in the introduction 
process. Some studies have interpreted this loss of enemies as evidence for the enemy release, 
thereby erroneously inflating the number of studies supporting the hypothesis (Colautti et al. 
2004). The question is not whether introduced species lose enemies but rather whether this 
loss translates into enhanced growth and performance in the introduced habitat relative to co-
habiting species with comparable biology and ecology (Colautti et al. 2004, Levine et al. 
2004, Agrawal et al. 2005). Parker and Gilbert (2007), however, argue that the congeneric 
approach often used in community studies is biased towards finding little difference in the 
susceptibility to enemies of co-habiting introduced versus native congeners, since the chance 
is higher that there are compatible enemies in the introduced habitat that can switch to the 
introduced congeners.
 3.1.2 Contribution of this chapter 
The review by Colautti et al. (2004) and Parker and Gilbert (2007) serve to highlight not only 
the current debate, but also that the dynamics of enemy release are complex and more studies 
are needed in this area to better understand the role of natural enemies in invasion processes. 
I assessed at the biogeographical scale whether lack of enemies could have contributed to the 
success of C.  orbiculata in New Zealand, but measured extent of damage by enemies 
directly rather than inferred it from enemy abundance. This study was stimulated by concerns 
in New Zealand that C. orbiculata may be spreading while there is not much known about its 
ecology or possible methods of control. The species is listed as a Surveillance Pest Plant 
(prohibited from sale, propagation, distribution, and exhibition) on several regional pest 
management strategies in New Zealand, including Canterbury and Auckland 
(www.ecan.govt.nz, www.arc.govt.nz, both accessed 20 October 2006). 
In addition to contributing to the ecological information about C. orbiculata in New Zealand, 
a study of this nature has global application because succulent plants have been introduced to 
many parts of the world. Furthermore, studying arid-land plants in the New Zealand context 
presented a special case, which I discuss in the following sections.  
 3.1.3 Succulent introductions 
Arid-land plants are largely represented by succulents, plants that have adapted to dry 
environments by evolving the ability to store water in some of their organs (Sajeva and 
Costanzo 1994). As many as c.10 000 succulent species occur worldwide (van Jaarsveld et al. 
2000, van Jaarsveld and Koutnik 2004). They are native to regions such as southern Africa, 
Madagascar, Arabian Peninsula, Mexico, and southwestern USA (Sajeva and Costanzo 1994). 
The biggest diversity, close to 47% of species, is native to southern Africa (van Jaarsveld et 
al. 2000, van Jaarsveld and Koutnik 2004). Succulents’ water-storing strategies and other 
modifications have led to unique structural configurations that have resulted in a high 
ornamental appeal (van Jaarsveld and Koutnik 2004). Hence succulents have been a major 
group in the global plant trade, which has extensively introduced them beyond their natural 
ranges. 
Their ability to store water has further enabled succulents to grow in arid environments where 
other vegetation are unable to survive (Sajeva and Costanzo 1994). In these environments 
they form a vital food source for wildlife (Sajeva and Costanzo 1994). As a survival strategy, 
succulents have evolved elaborate defences against herbivory, such as thorns, mimicry, and 
toxic or repellent chemicals (Sajeva and Costanzo 1994). With such defences, we expect that 
these plants are not easily browsed by generalist herbivores in the native range, but by 
coevolved herbivores that have developed special adaptations to enable them to get around 
elaborate defences. Thus, in succulents, we should have well defended plants whose 
populations in the native habitats are regulated by well adapted herbivores. In the context of 
the Enemy Release hypothesis, it is interesting to ask what happens in a system where plants 
from a habitat with intense herbivore pressure are introduced into a habitat with a smaller 
assemblage of herbivores. Such is the case of southern African succulents introduced into 
New Zealand. We expect that in New Zealand, these plants would suffer less herbivory 
because there are no native terrestrial mammals (except two bat species, Gibbs 2006), while 
the introduced herbivorous mammals would prefer the more palatable New Zealand flora.
 3.1.4 Palatability: New Zealand flora versus southern African
The traditional notion that the New Zealand flora is more palatable to mammals from lack of  
coevolved terrestrial mammals (reviewed in Veblen and Stewart 1982) has however not been 
received without contest (Forsyth et al. 2002). Forsyth et al. (2002) counter argue that since 
the New Zealand flora has been largely derived from post-Gondwanan trans-oceanic 
dispersals, it has evolved elsewhere in the presence of mammals and should, therefore, 
possess some residual resistance to mammalian herbivory. Furthermore, the paper maintains, 
the New Zealand flora shows herbivore deterring traits that may have arisen from other 
selective pressures, such as a high lignin composition or low nutritional content, which also 
discourage mammalian browsing (Forsyth et al. 2002).
In the case of floras that have evolved under intense mammalian herbivore pressure it can 
nevertheless be expected that the New Zealand flora is far more palatable. Structurally, 
attesting to this is the fact that while New Zealand has only one thorned/spined species 
(Matagouri Discaria toumatou, Gibbs 2006), the southern African flora is largely thorned. 
Indeed there is remarkable adaptation of the New Zealand flora against ratite herbivores; at 
least 20% of New Zealand’s endemic woody species show structural configurations (such as 
divarication) that have been demonstrated to hinder ratite browsing, but these defences are 
useless against mammals (Bond et al. 2004). In contrast, thorns of African acacias, for 
example, are known to cut down feeding rates of mammal browsers to sub maintenance 
levels (Cooper and Owen-Smith 1986).
With regard to phytochemical defences significant concentrations of secondary metabolites or 
toxin combinations have also been documented in the southern African flora. For example, 
the Acacia karroo tree (which has been introduced to New Zealand, Chapter 2) produces as 
much as 10–35% polyphenols, compounds that have been suspected to deter deer (Takarada 
et al. 2004); more than six species of deer have been introduced to New Zealand and have 
now naturalised (Forsyth et al. 2002). In another study on Karoo (a collective name for 
southern African semi-arid biomes, Rutherford and Westfall 1994) plants, Stock et al. (1993) 
found that the evergreen leaf succulent dwarf shrub Ruschia spinosa passively produces in its 
leaves polyphenols, protein-precipitating tannins, and 8-35% condensed tannins. The latter 
are known to be strong defences against mammalian herbivores (Rohner and Ward 1997). 
The stem succulent Euphorbia virosa (also introduced into New Zealand) has a highly toxic 
latex that, besides internal injuries, is also known to irritate the skin and blind eyes in humans 
(Mannheimer et al. 2008). The active compound is possibly Tigliane diterpenes, which has 
inhibitory activity on the mammalian mitochondrial respiratory chain  (Betancur et al. 2003). 
Only the black rhinoceros Diceros bicornis has been observed to forage on this plant without 
being harmed (Loutit et al. 1987, Hearn et al. 2000, Mannheimer et al. 2008), suggesting that 
the plant’s defences keep other animals away.
The examples cited above serve to highlight the level of defence that has developed in the 
southern African flora in response to an intense browsing threat. Generally, it can be expected 
that arid-land plants are better defended than plants of moister areas. It is thus highly unlikely 
that naturalised mammals in New Zealand would considerably browse such plants. 
Furthermore, while it has been hypothesised that low resistance/defence in plants maybe 
compensated by high resilience/tolerance, i.e., ability to recover from browsing (Strauss and 
Agrawal 1999), the New Zealand flora recovers slowly (Payton et al. 1997, Bee et al. 2007), 
perhaps due to, among other possibilities, nutrient-poor soils as a result of leaching by a high 
rainfall (Bee et al. 2007). This could further render arid-land plants, in addition to being eaten 
less, better competitors against the native flora, resulting in a higher chance of becoming 
invasive. 
 3.1.5 Pathogen enemies
Like herbivore enemies, pathogens can also be effective in controlling populations of host 
species (Klironomos 2002, van der Putten 2002). Diseases, particularly fungal, are more 
prevalent in wetter areas (Bradley et al. 2003), thereby raising the expectation that in the 
wetter regions of the native range pathogens would have a strong regulatory effect on C. 
orbiculata. It would have been the escape from this regulation (combined with the effect of 
reduced herbivory) that would allow C. orbiculata to grow in the wetter parts of New 
Zealand, such as Auckland, a place significantly wetter than its native habitat (see figure 3.2). 
The southern Africa→New Zealand system thus presented a chance, both in terms of 
herbivory and disease, to detect facets of enemy release where it has been difficult to do so in 
other systems.
 3.1.6 Aims and objectives
In addition to species traits analysed in Chapter 2, this chapter aimed to add to our knowledge 
of the factors that increase the chance of plant species naturalising and becoming weeds. It 
investigated the Enemy Release hypothesis, which proposes that species would suffer less 
damage by natural enemies in the introduced range, because they would have left behind their 
coevolved enemies. To investigate this hypothesis, a field survey was conducted in 2007 in 
the New Zealand range and in native southern Africa, based on the leaf succulent plant 
Cotyledon orbiculata var. orbiculata L. (Crassulaceae) as model species. The survey 
measured damage to C. orbiculata by both vertebrates and invertebrates, as well as degree of 
infection by pathogens. The specific objectives were:
3. To investigate whether C. orbiculata suffered less herbivory, by both vertebrates and 
invertebrates, and less disease in its non-native New Zealand range than in its native 
southern African habitat.
4. To further determine whetter C. orbiculata suffered more disease in the wetter parts of its 
range, both in New Zealand and southern Africa.
 3.2 Methods
 3.2.1 Study species
Cotyledon orbiculata var. orbiculata L. is known in southern Africa by several vernacular 
names including: Pig’s ear (referring to the shape of its leaves), Plakkie (Afrikaans), 
Krimpsiektebos (referring to its association with the livestock poisoning known as 
‘krimpsiekte’ in Afrikaans), Kaniedood (Afrikaans word meaning ‘hard to kill’, a reference to 
the plant’s resilience), Serelile (Sotho), and Iphewula (Xhosa) (Mannheimer et al. 2008). 
Why C. orbiculata? This species was chosen because currently there are concerns in New 
Zealand that it may be spreading, while there is not much known about its ecology or 
possible methods of control. Research on C. orbiculata has not addressed the plant’s ecology 
but has rather focussed on its photoinhibiton/optical properties (Sinclair and Thomas 1970, 
Robinson et al. 1993, Barker et al. 1997) and toxicology/medicinal properties (James 1963, 
Tustin et al. 1984, Anderson et al. 1985, Steyn et al. 1986, Amabeoku et al. 2007).
Biology: the Cotyledon genus is characterised by branching shrubs whose leaves are placed 
opposite to each other (Tölken 1985). The leaves are covered in a light-reflecting powdery 
substance and a waxy cuticle layer underneath that reduces transpiration (Tölken 1985, 
Nicolson 2007). The genus reproduces both by seed and vegetatively (van Jaarsveld and 
Koutnik 2004). The leaves of C. orbiculata measure 2–6 cm long and 1–2.5 (–5) cm wide. 
The species produces, in the dry summer months, bird-pollinated flowers which range from 
bright yellow to red in colour, attracting sunbirds but large bees are also attracted to the 
flowers. The species has also been found to tolerate frost well (Vancoller and Stock 1994). C. 
orbiculata var. orbiculata is a perennial, woody leaf-succulent shrub measuring 1 m in 
height, and between 1.25 – 1.45 m when in flower (Germishuizen et al. 2006). The variety is 
distinguished by dorsoventrally-flattened leaves that rarely have undulating margins and a 
non-bulging corolla with 10-15 mm long lobes (Tölken 1979).
Natural enemies: known pests of C.  orbiculata include: snout beetles Phlyctinus annectens 
(nocturnal feeders that leave small, round spots on the leaves, causing them to drop off), 
copper or opal butterfly Chrysoritis chrysaor (whose onisciform, striped larvae shelter under 
rocks or in ant nests. The butterfly is a nocturnal feeder and is also fed by ants), Henning's 
black-eye butterfly Leptomyrina henningi (which has green, slug-shaped leaf-boring larvae 
that are also found in other Crassulacea food plants), L. lara (Heath 2001), green and black 
aphids (sometimes observed on young flowers), as well as fungi that cause damping off in 
seedlings (van Jaarsveld and Koutnik 2004). 
Defences: C. orbiculata is thornless. However, a number of phytochemicals have been 
isolated from its leaf extract. These include a cardiac glycosides toxin, saponins, tannins, 
reducing sugars, and triterpene steroids (Amabeoku et al. 2007). The active compound in the 
toxin is the novel bufadienolide orbicusides (C32H28O7) belonging to the cardiac glycosides, 
which are also found in other Crassulaceae such as Tylecodon and Kalanchoe (van Jaarsveld 
and Koutnik 2004). This toxin causes cotyledonosis (shrinking disease, also locally known in 
Afrikaans as krimpsiekte), a condition that affects the central nervous system, causing 
respiratory paralysis and death in sheep and goats as well as secondary poisoning in other 
mammals (Mannheimer et al. 2008). This disease is among the most severe poisonings 
experienced by small stock in southern Africa (Mannheimer et al. 2008). Animals tend to eat 
the plant when pasture is depleted as the plant retains water in dry conditions when other 
plants are dry and unpalatable (van Jaarsveld and Koutnik 2004, Mannheimer et al. 2008). 
Native distribution: the Cotyledon genus belongs to the third largest family of succulent 
plants – Crassulaceae (after Cactacea and Aizoaceae). The genus has 11 known species most 
of which occur within South Africa, but it is also represented in northeast Africa and Arabian 
Peninsula (van Jaarsveld and Koutnik 2004). C. orbiculata is restricted to an area 
encompassing South Africa, Namibia, and southwestern Angola (van Jaarsveld and Koutnik 
2004, Figure 3.1), occurring in both summer and winter rainfall zones where annual 
precipitation ranges from 25 to 1700 mm (van Jaarsveld and Koutnik 2004). C. orbiculata 
var. orbiculata occupies the drier end of this range, but it will also grow in wetter areas where 
there is sufficient sun and good drainage (van Jaarsveld and Koutnik 2004). Distribution of 
this variety (Figure  3.2) generally centres on the Nama Karoo biome. The Nama Karoo 
extends, in a northwesterly direction, from inland southwestern South Africa through most of 
southern Namibia, narrowing thereafter into a thin inland strip that ends in southwestern 
Angola (White 1983, Rutherford and Westfall 1986). This biome is a semi-arid rangeland 
characterised by a summer rainfall falling 100–520 mm per year, a very low or no fog 
occurrence, 40 to 180 days of frost a year, and an altitude of 500 to 2000 m (Rutherford and 
Westfall 1994). To the west of the Nama Karoo, the variety extends into the adjacent Fynbos, 
Succulent Karoo, and Namib Desert biomes. The orbiculata variety is among the five 
recognised natural varieties of the species (Figure  3.2), which are distinguished on the basis 
of geographical distribution, leaf, and flower morphology (Tölken 1979). It is the only variety 
that extends outside South Africa (Figure  3.2). It occupies rocky slopes in open vegetation 
and has been recorded at altitudes ranging from 50 to 1800 m a.s.l. (Germishuizen et al. 
2006) (a higher attitude, 2296 m a.s.l., has been recorded in Namibia in the present study).
  Figure 3.1 Distribution of Cotyledon orbiculata in its native range (red dots). Distribution 
extends from South Africa through Namibia to southwestern Angola (map source: 
www.sanbi.org.za, accessed 20 January 2008). 
  Figure 3.2 Distribution of the five naturally occurring varieties of Cotyledon orbiculata in 
the native range. Only one variety, C. orbiculata var. orbiculata (represented by the grey area 
on the map), extends out of South Africa (map source: Mark et al. 2005).
Variety orbiculata: although Tölken (1979) indicates that flat leaves (broadleaf) distinguish 
the orbiculata variety, a fingerleaf form is also known to occur in this variety (Mannheimer et 
al. 2008, Figure 3.3). In Namibia, Mannheimer et al. (2008, page 25) describe the fingerleaf 
form as “often, although not always, found”. This form seems however limited to the winter 
rainfall zone in southwestern Namibia (personal observation). It may be a variety of C. 
orbiculata from South Africa that extends its distribution slightly into Namibia. 
All New Zealand material is consistent with the broadleaf variety (Webb et al. 1988), 
although there are some unusually narrow-leaved forms on Banks Peninsula, Canterbury, 
which Webb et al. (1988) regarded as also var. orbiculata because narrow-leaved varieties 
were not known in cultivation in New Zealand.
A B C
  Figure 3.3 Two leaf forms of C. orbiculata var. orbiculata occurring in nature. A 
Broadleaf form found in New Zealand (photo taken at Birdlings Flat, Canterbury). B 
Broadleaf form found in Namibia (photo taken at Kromrivier, southern Namibia). C 
Fingerleaf form found in the Succulent Karoo in southwestern Namibia. 
Horticultural beginning: Cotyledon orbiculata var. orbiculata, being the most widespread 
succulent plant in the southern African region and the most noticeable on the Cape Peninsula 
of South Africa, was one of the first two succulents (the other being the stapelieod Orbea 
variegata) to be ever recorded from the region (van Jaarsveld and Koutnik 2004). It was also 
among the earliest succulents to be cultivated in Europe (van Jaarsveld and Koutnik 2004). 
The plant was first collected, probably from the foothills of Table Mountain on the Cape 
Peninsula, by a missionary medical doctor sailing from Holland (Netherlands) to Indonesia in 
1624 (Gunn and Code 1981 cited by van Jaarsveld and Koutnik 2004). Worldwide 
introductions of succulents from the southern African region began soon after Dutch 
settlement in the Cape in 1652, when succulents were initially exported to Holland and 
subsequently to the rest of Europe, where they were highly prized (van Jaarsveld and Koutnik 
2004). In 1753 the Cotyledon genus was officially described by Linnaeus, who listed only C. 
orbiculata var. orbiculata, the type species (van Jaarsveld and Koutnik 2004). Cotyledon 
became popular in horticulture due to its variability and ability to tolerate drought (van 
Jaarsveld and Koutnik 2004).
Natural history, distribution, and weed status in New Zealand: C. orbiculata was 
introduced into New Zealand as a garden ornamental. Historically, it was a significant 
component of the front flower garden in coastal Australasia (Kirkpatrick et al. 2007). It was 
first discovered wild in New Zealand in 1952 (Given 1984, Webb et al. 1988), where it has 
now been recorded naturalised in six regions: Auckland, Bay of Plenty, Wellington, 
Marlborough, Canterbury, and Otago (Webb et al. 1988). Its distribution pattern follows that 
typical of weeds in New Zealand, i.e., populated areas (Sullivan et al. 2004), which also 
happen to be coastal (Figure  3.4). In New Zealand the plant is found occurring in both 
rangeland (e.g. Canterbury) and natural/semi-natural landscapes (e.g. Waitakere Ranges 
Regional Park, Auckland) and is sometimes found growing in abundance (Webb et al. 1988), 
colonising such habitats as dry coastal cliffs and banks (Given 1984) as well as short scrub 
and dry, heavily grazed grassland (Webb et al.1988). C. orbiculata is currently listed as a 
Surveillance Pest Plant (prohibited from sale, propagation, distribution and exhibition) on 
several regional pest management strategies including Canterbury (www.ecan.govt.nz; 
accessed 20 October 2007) and Auckland (Proposed Auckland Regional Pest Management 
Strategy 2007-2012 www.arc.govt.nz; accessed 20 October 2007). The Auckland Regional 
Council proposed a listing on the National Pest Plant Accord, which features weeds of 
national significance. Although the proposal was not accepted (www.arc.govt.nz; accessed 20 
October 2007), it serves to indicate a growing concern about the plant in New Zealand. 
  Figure 3.4 Distribution of naturalised C. orbiculata in New Zealand (data sources: Allan 
Herbarium at Lincoln 2007, Herbarium of the Auckland War Memorial Museum 2007). 
Weed elsewhere: C. orbiculata has also been reported naturalised in the Mediterranean 
climates of Australia and California, a pattern typical of southern African plants that have 
become weeds overseas (Thuiller et al. 2005). In Australia the species has naturalised in the 
states of Victoria and Western Australia (Randall and Kessal 2004). It is not prohibited from 
sale in the country but it is listed as an environmental weed in Appendix 1, Number 205 of 
the national list of naturalised invasive and potentially invasive garden plants, in which it has 
a national weed rating of 3 (naturalised and known to be a minor problem warranting control 
at four or more locations within a State or Territory) (Randall and Kessal 2004). 
 3.2.2 Study area
Damage by herbivore and pathogen enemies to C. orbiculata in the non-native versus native 
ranges was measured through field surveys conducted in New Zealand and Namibia, with 
Namibia representing the species’ native habitat. In each country the survey was conducted in 
a wetter region and in a drier one. Where possible, sites were further selected in the wettest 
and driest parts of the region to also allow for an analysis of a rainfall effect at the local scale. 
Thus, the combined effect of enemies and rainfall could be analysed at the continent, regional 
and local scales (the latter, however, required site-level rainfall data which proved difficult to 
get at the required spatial resolution). Coincidently, the regions with higher rainfalls were in 
the northern parts of both countries whereas the drier ones were located in the south. Hence 
in this chapter, north is synonymous with wet and south with dry. The locations of sites 
inadvertently represented a wide range of land use categories and vegetation types. Figure 3.5 
shows rainfall maps of the two countries and the locations of sites. Table 3.1 shows detailed 
site attributes.
  Figure 3.5 Study sites in Namibia (red dots) and New Zealand (Canterbury and 
Auckland). In each country sites were located in a drier part and in a wetter part (map source: 
Namibia – adapted from Mendelsohn et al. 2002, New Zealand – adapted from 
www.niwa.cri.nz/edu/resources/climate/overview, accessed 2 April 2008). 
  Table 3.1 Attributes of the study sites. Rainfall data are estimates from 
figure 3.5. Brandberg rainfall data are from Olszewski 2000. 
Country Region Site Lat Lon Altitude 
(m a.s.l.)
Rainfall 
(mm)
Date 
surveyed
Brandberg 210802 143207 2042 >200 May07
Etjo 210611 162129 1825 350-400 Jun07
Auasblick 223456 170639 1823 300-350 Jun07
Regenstein 
Tower
224237 170338 2296 300-350 Jun07
Regenstein 224126 170227 2247 300-350 Jun07
Kromrivier 284055 180645 823 50-100 Jun07
Eendoorn1 284359 185937 911 50-100 Jun07/Dec
07
Eendoorn2 284401 185933 904 50-100 Dec07
Pioneer1 284308 185621 897 50-100 Dec07
Pioneer2 284251 185544 867 50-100 Dec07
Whites 
Beach
365543 1742716 32 1500-2000 Feb07
Tasman 
Lookout
365732 1742801 29 1500-2000 Mar07
Lion Rock 365713 1742801 44 1500-2000 Mar07
Anawhata 
Beach
365518 1742716 14 1500-2000 Mar07
Leigh 365520 1742717 5 1500-2000 Mar07
St Heliers 365047 1745201 33 1000-1500 Mar07
Sumner 433440 1724558 58 500-750 Jan07
Birdlings 
Flat
434934 1724201 12 500-750 Mar07/Aug
07
Godley 
Head
433516 1724727 173 500-750 Mar07/Aug
07
Lyttelton 
Quarry
433585 1724532 60 500-750 Jul07
Pigeon Bay 434045 1725327 27 750-1250 Jul07
Stoney Bay 434052 1730256 42 750-1250 Aug07
Okains Bay 434149 1730350 19 750-1250 Aug07
Namibia North
South
New 
Zealand
Auckland
Canterbury
New Zealand: in New Zealand the southern sites were based in lowland Canterbury, South 
Island. Specifically, there were three sites located in the eastern Port Hills (Sumner, Godley 
Head, and Lyttelton Quarry) and four sites on the wetter Banks Peninsula (Birdlings Flat, 
Pigeon Bay, Stoney Bay, and Okains Bay). The Canterbury sites fall in the 500–1250 mm 
annual rainfall zones (Figure  3.5). Although lowland Canterbury is now primarily pastoral 
farming, it was previously all forested (McGlone 2001).
The northern sites in New Zealand were located in the Auckland region, North Island. In this 
region the survey was done on the wetter west coast and on the relatively drier east coast. On 
the west coast there were four sites, which were based around Piha (Tasman Lookout, Lion 
Rock, Whites Beach, and Anawhata Beach). On the east coast there were two sites, one up 
north at Leigh and the other at St Heliers, a suburb located east of the Auckland CBD. The 
Auckland sites fall in the 1250–2000 mm annual rainfall zones (Figure  3.5). The natural 
vegetation in the Auckland area is mostly Sub-tropical forest (George Philip and Son Ltd 
1986, Wardle 1991). 
Namibia: Sites in the native habitat were located in Namibia since it was logistically easier 
to survey in this country.  In northern Namibia, three sites were located in the Khomas 
highlands around Windhoek (Auas Blick, Regestein Tower, and Regenstein), one site in the 
foothills of Mount Etjo, and one site at Brandberg mountain. The sites (except Brandberg) are 
lying in the 300–400 mm average annual rainfall contours (Figure  3.5). The Brandberg falls 
in the same rainfall contour as the southern Namibia sites (Figure  3.5). Olszewski (2000) 
however estimates an annual mean rainfall of more than 200 mm for the upper Brandberg, 
achieved through orographic effect. The Brandberg massif claims the highest elevation in 
Namibia, with peak at 2573 m a.s.l., rising 1800 m above the surrounding desert plain (Miller 
2000). Being at the top 1/4 of the mountain (in Amis Gorge, just below Kaskaden), the site’s 
microclimate is probably more similar to that described for the upper Brandberg. In the case 
of rainfall, it is probably closer to that of the other northern sites. The vegetation in northern 
Namibia is dominated by thorn acacia trees and shrubs, but these gradually became fewer at 
higher elevations.
The southern Namibia sites were on three farms: Kromrivier, Eendoorn, and Pioneer. The 
farms are located within 40 km north of the Orange River, which forms the border with South 
Africa. Eendoorn and Pioneer (each with two sites) are about 5 km apart and are located 
along road D206 connecting Warmbad to Velloorsdrift border post. Kromrivier is 
approximately 100 km further west, close to the Noordoewer border post and about 20 km 
west of road D208. The southern sites fall within the 50–100 mm average annual rainfall 
contour (Figure  3.5). According to the broad classification of George Philip and Son Ltd 
(1986), this part of Namibia has a Scrub, Steppe and Semidesert vegetation type. This 
vegetation has also been described as Dwarf Shrub Savanna (after Giess 1971) falling within 
the Nama Karoo biome (defined based on climate and life forms, White 1983). 
The Nama Karoo is adjacent to the Succulent Karoo to the west, a global biodiversity hotspot 
rated on the basis of plant species endemism (Myers et al. 2000), but which also boasts high 
endemism for insects and arachnids (Simmons et al. 1998). The southern Namibia sites were 
lying in a transitional zone between the Succulent and Nama Karoos, and hence share the 
characteristics of both biomes, which have Cape and Palaeotropical flora affinities, 
respectively (White 1983). Some of the characteristics of the hotspot evident at the sites are a 
winter rainfall (in addition to a summer rainfall) and typical Succulent Karoo flora such as 
the button Mesemb Conophytum (Smith et al. 1998).
The photos shown in Figure 3.6 below give an idea of C. orbiculata habitat in New Zealand 
and Namibia. Godley Head (Figure  3.6A): this site is characteristic of lowland Canterbury. 
Since European settlement, the previously forested Canterbury landscape has increasingly 
become tussock and pasture rangeland, supporting an abundance of livestock, mainly sheep. 
Where it is growing in Canterbury, C. orbiculata is often conspicuous on roadsides, 
especially when in flower. The plants at Godley Head grew more sparsely and were 
somewhat shorter than at some of the other sites in New Zealand, but similarly flowered well 
among the tussock. Also, like at many sites in New Zealand, the plants were predominantly 
found on the northern slope. Whites Beach (Figure  3.6B): this is a secluded area between 
Piha and Anawhata Beach. It is typical of C. orbiculata sites in Auckland – very steep, hard 
to access slopes. This is probably why the plants persist in the Waitakere Ranges Regional 
Park, otherwise they would be controlled. Brandberg (Figure  3.6C): rich in early bushman 
rock art and biodiversity, the mountain is a proclaimed national heritage site. The vegetation 
on the mountain is mostly short, scrubby and sparse, with a number of rare species. Thirteen 
percent of Namibia’s endemic plant species are found on the mountain (Simmons et al. 1998), 
eight of which are restricted to it (Maggs et al.1998). A Brandberg icon, the green-topped, 
scraggy-looking Euphorbia monteiroi subsp. brandbergensis, restricted to the mountain 
including a few near-by hills (Loots 2005), was spotted growing with C. orbiculata. 
Regenstein Tower (Figure  3.6D): this site is located on a private nature reserve in the 
Khomas highlands, just south of Windhoek. Note the high elevation – typical of northern 
Namibia sites. At 2296 m a.s.l., this site was the highest of all sites surveyed (Table 3.1). 
Also, as at most of the northern Namibia sites, plants were found predominantly on the south-
facing slope (opposite to New Zealand sites). Eendoorn2 (Figure  3.6E): this is a commercial 
private livestock farm. In this part of southern Namibia, the flat landscape is interrupted by 
black, rocky hills and white quartzite rock outcrops. A larger diversity of succulents in the 
south is found on the latter. There is an interesting paper (Schmiedel and Jürgens 1999) on 
heat reflectivity of the quartz outcrops in the Karoo and how this property has created a 
cooler, moisture-retaining microhabitat that has supported growth of Karoo vegetation in an 
otherwise hostile environment. In the south, Tylecodon is often found cohabiting with C. 
orbiculata. These two were once classed in one genus – Cotyledon (Craven 1999, van 
Jaarsveld and Koutnik 2004). “Tylecodon” is an anagram of “Cotyledon” (van Jaarsveld and 
Koutnik 2004). Tylecodon has also been introduced into New Zealand, where it has not been 
recorded naturalised by 2000 (H. Gatehouse, unpublished data). 
Figure 3.6 (Following pages) C. orbiculata habitat in New Zealand and Namibia. A 
Godley Head, New Zealand: the plants were growing along Godley Head road. This view is 
facing north, overlooking Pegasus Bay across Sumner, a Christchurch suburb. The mouth of 
the Avon-Heathcote estuary is visible to the left. B Whites Beach, New Zealand: here, C. 
orbiculata is growing on a coastal cliff on the edge of the Waitakere forest on the west coast 
of Auckland. C Brandberg, Namibia: this mountain has the highest point in the country (2573 
m a.s.l., Miller 2000). The plants were found near the top, amidst bush scrub including the 
endemic Euphorbia monteiroi subsp. brandbergensis, visible in the left foreground (green top 
with furzy-looking stem). D Regenstein Tower, Namibia: the plants were found up at the 
tower. A high elevation is typical of northern Namibia sites. Note the road meandering to the 
top; this site was one of the few in Namibia accessible by road. E Eendoorn2, Namibia: many 
succulents in southern Namibia are found growing on the white quartzite outcrops rather than 
on the black hills (visible in the far background). Note Tylecodon (left foreground with a red 
top) cohabiting with C. orbiculata.
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 3.2.3 Site selection
In addition to rainfall, two other criteria were used to select sites: absence of livestock and 
distance between sites. Ideally, sites should not have livestock since only the impact of 
natural enemies was being measured. In Auckland region sites were generally excluded from 
livestock as they occurred either on conservation land (west coast) or coastal cliff margins on 
town land (Leigh boat ramp and St Heliers beach). In contrast, all sites in Canterbury 
occurred on farmland and were accessible to sheep and other livestock. In northern Namibia, 
a conservation status (Brandberg and Regenstein) and high elevations excluded livestock 
from sites. However, all southern Namibia sites, being on farmland and at lower elevations, 
were accessible to livestock (mainly goats and sheep). In areas with livestock efforts were 
made to survey sites with the least sign of livestock presence. For instance, a site located 
below the Mount Cavendish Gondola just north of the Summit road in the Port Hills, 
Canterbury, was abandoned as the C. orbiculata plants appeared significantly bitten and 
branches and leaves broken off. Bits of wool were visible on some plants and sheep could be 
E
seen in the distance. Generally, livestock should nevertheless have only a limited impact on 
plants since C. orbiculata is poisonous to stock (Mannheimer et al. 2008). The farmers in 
Namibia have also indicated that livestock do not eat C. orbiculata as such, but the young 
might browse on it since they would  have not yet “learnt” that the plant makes them sick. 
Damage to the extent of that observed at the Gondola may have been caused by lambs or very 
hungry sheep during the dry Canterbury summer, when the grass has died off. It may also 
have happened if sheep were moved to the property for the first time, in which case they 
would unlikely have encountered C. orbiculata before and might be likely to sample it to 
realise that it is distasteful.
Sites also had to be at least one kilometer apart in order to represent variation within C. 
orbiculata habitat. The exception was Tasman Lookout and Lion Rock in Auckland, which 
were about half a kilometer apart. But since Lion Rock is an “island” isolated at high tide and 
sites were limited in the region, these two were treated as separate sites. Overall, 23 sites 
were surveyed, 13 in New Zealand (six in Auckland and seven in Canterbury) and 10 in 
Namibia (five in the north and five in the south).
 3.2.4 Plant selection
Once a site was decided upon, plants were selected randomly. This meant that plants that 
appeared damaged by livestock were not avoided at this point. However, dead plants (those 
with no apparent live parts) were not sampled but only noted. Also, only mature plants were 
sampled, to ensure more or less equal time of exposure to enemies. Moreover, young plants 
tend to have less leaves, and since damage was calculated from percent leaf area affected 
(section 3.2.6), fewer leaves on a plant meant a higher error margin in the calculations. 
Maturity was determined by presence of flowers or evidence of past or recent flowering, such 
as the patch left where a flower stalk had broken off, which could be distinguished from that 
left by a leaf that had fallen off as it was somewhat larger and was usually located at the apex 
of a shoot. Plant size was not a good proxy for adulthood since size varied greatly between 
sites. For instance, plants at Godley Head were dwarfs compared to those at Birdlings Flat. 
Ideally, 40 plants per site were selected and damage on the leaves scored.
 3.2.5 Types of damage
To reduce the bias that all introduced species are predisposed to lose at least some of their 
natural enemies (Colautti et al. 2004), damage to plants was measured directly rather than 
inferred from enemy diversity or abundance measures. For C.  orbiculata, leaves are a vital 
organ since they are responsible for both photosynthesis and water storage. Hence extent of 
damage to the leaves was considered a good proxy for quantifying the effect of natural 
enemies on C. orbiculata. Damage was recognised as foliar herbivory or infection on the leaf 
surface, recorded as “bite” or “pathogen”, respectively.
Bite: this category included chewing, scrapping, perforations, and leaf mines, but excluded 
bruises that resulted from rubbing with other parts of a plant (e.g. a dry flower stalk may rub 
against the leaves surrounding it, leaving bruises on them) or any other injury caused by 
abiotic factors (such as peeling or decolourisation on a leaf due to desiccation). Damage to 
parts of a plant other than leaves, such as stems, flowers or seeds, was only noted but not 
quantified.
Pathogen: this category was for lesions on the leaves that appeared like disease. Attempts 
were initially made to culture the lesions and to establish whether they were fungal, viral, 
bacterial, etc, but this work did not go further as the necessary lab work required more time 
than was available. 
 3.2.6 Scoring damage
Damage was scored visually. On each plant, ten leaves were randomly selected, one at a time, 
from any part of the plant with eyes closed. Selection was done by touch and hold only as it 
was not necessary to pluck off a leaf. Then the area of the top side of the leaf infected or 
bitten off was expressed as a percentage of the leaf’s top surface area. The average percent 
damage for the ten leaves was calculated and the score for the plant classed according to the 
Braun-Blanquet scale: 0%, 1-<5%, 5-<25%, 25-<50%, 50-<75%, 75-100%, with the bite and 
pathogen percentages scored and recorded separately (Figure  3.7). Damage on each plant 
was additionally documented with photographs of one random leaf and one leaf 
representative of each of pathogen and bite damage.
 3.2.7 Invertebrate collections
Descriptions and abundance of potential enemies at sites were also recorded. In the case of 
invertebrates, sample specimens of organisms found on the plants were collected for 
identification.
 3.2.8 Sampling effort
Initially, I had planned to survey six sites per region and 40 plants per site. This would have 
been ideal replication. These figures were determined from a pilot survey at a site in 
Canterbury (Sumner) where it took a full day to sample 40 plants, taking into account 
travelling time to the site, topology and plant density. Ultimately, due to a variety of logistical  
and site-specific constraints, a varying number of plants and sites per region were surveyed, 
and some sites took substantially longer to survey than others. A total of thirteen sites were 
sampled in New Zealand (six in Auckland and seven in Canterbury), with plant numbers 
ranging from 25 to 40 per site. In Namibia ten sites were sampled in total (five in northern 
Namibia and five in the south), with plant numbers per site ranging from 7 to 60.
One big advantage of surveying broadleaf C. orbiculata var. orbiculata is that it seems to 
grow in clusters; maximum distance between plants is probably not much more than 50 m. 
Hence when one found a broadleaf plant, they found an entire site. On the other hand, the 
fingerleaf form seems to grow solitary. When I found one fingerleaf plant in southwestern 
Namibia, it took about two hours of hiking around to find another one! Nevertheless, 
sampling the species had many challenges and below I outline some of them encountered. 
A 
B
abund diver
Brandberg 0 27 48 0.1 0.0 265 0 0.2
Etjo 3 3 0 0.4 0.1 140 29 60
Auasblick 2 3 4 0.5 0.1 203 27 0.3
Regenstein T 0 1 3 0.0 0.0 180 24 1.8
Regenstein 0 1 3 0.2 0.0 275 9 40
Kromrivier 4 1 24 0.2 0.1 around 9 86
Eendoorn1 1 1 14 0.1 0.0 around 9 40
Eendoorn2 1 1 13 0.2 0.1 around 10 25
Pioneer1 3 0 7 0.2 0.5 around 3 40
Pioneer2 1 0 7 0.2 0.2 around 3 40
Whites B 3 0 0 0.3 0.1 272 23 20
Tasman L 3 1 0 0.9 0.7 335 31 20
Lion Rock 2 0 1 0.6 0.4 25 35 35
Anawhata 4 0 0 0.3 0.2 325 40 26
Leigh 6 0 1 0.4 0.2 NA 31 40
St Heliers 3 9 0 0.6 0.3 342 31 103
Sumner 4 0 0 0.4 0.2 330 22 32
Birdlings Flat 3 0 1 0.6 0.3 0 0 43
Godley Head 3 1 15 0.8 0.2 305 17 31
Lyttelton Q 1 0 11 0.6 0.5 227 25 35
Pigeon Bay 0 0 1 0.6 0.4 20 14 200
Stoney Bay 1 2 10 0.6 0.3 270 36 23
Okains Bay 1 0 2 0.7 0.4 300 45 50
Aspect 
(deg)
Slope 
(deg)
Density 
(no. m-2)
Invertebrate†Site Pathogen 
(%)
Bite 
(%)*
Mammalian 
bite (%)**
  Figure 3.7 Field measurements and observations of C. orbiculata in New Zealand and 
Namibia. A Survey sheet (front). Each row represents a plant. Site characteristics (e.g. plant 
density) were recorded at the back of the sheet. B Summarised data at the site level. *Bite is 
calculated from proportion of leaf area bitten off. **Mammalian bite is calculated from 
proportion of leaves with a mammalian bite. †Invertebrate abundance/diversity is 
respectively expressed as number of live invertebrates or of different kinds of invertebrates 
recorded at a site divided by number of plants sampled at the site. 
New Zealand: in Canterbury, when I started with the survey I was already familiar about the 
location of sites in the Port Hills from a previous involvement in a weed survey with the 
Christchurch City Council (unpublished data). Also, a generous response to an email enquiry 
to local weed managers, researchers and the Canterbury Botanical Society informed me of 
sites on the northern bays of the Banks Peninsula and other locations in Canterbury. 
In Auckland, I relied mainly on herbarium records to locate sites, but local weed managers 
were also helpful particularly regarding sites around Piha as they had on-going control 
activities there. Herbarium records are however often inadequate in their description of 
locations. Furthermore, sites in Auckland were harder to find than in Canterbury because 
vegetation concealed plants and sites were typically on steep sea cliffs, perched on the edges 
of dense vegetation. At some sites in Auckland, I sampled fewer plants because it was too 
dangerous to access more plants. At Tasman Lookout, there were not enough plants due to a 
recent control operation. The bright orange C.  orbiculata flowers greatly aided finding sites. 
All Auckland sites and some sites in Canterbury were sampled in the 2007 summer (January 
to March), which seemed to be peak flowering time since most sites were flowering 
profusely. In New Zealand, it took about 2 days on average to find a site, and one and a half 
day to sample it. 
Namibia: in Namibia, the survey took longer than anticipated for several reasons. Firstly, C. 
orbiculata was growing at high elevations (Table 3.1) and farther from settlements, especially 
in the north. Hence several days were spent hiking to sites since there were no roads near 
sites in most cases. Secondly, the initial sampling in Namibia took place in the winter (May to 
June). While some sites were flowering at that time, most were not. For instance, there was 
no single flower at the Brandberg site (in May) whereas Etjo, about 200 km east, was 
flowering profusely (in June). Without flowers it was difficult to spot C. orbiculata since 
descriptions of site locations were often too coarse in the herbarium records. Thirdly, there 
are a number of species that look like C. orbiculata to the unfamiliar eye, particularly those 
of the Kalanchoe genus. I relied largely on farmers to find sites (about 85% of Namibia is 
farmland, Ashley 1996), but sometimes in northern Namibia I was directed to populations up 
in the mountains that were not C. orbiculata. Due to the species occurring at lower elevations 
and a stronger association with stock loses, the farmers in the south were more familiar with 
the plant and recognised the Plakkie instantly from samples I carried around with me. 
Fourthly, due to wildlife some areas were not safe to survey. For instance, I could not survey 
at Okonjati farm in the Mount Etjo area since it had free range lions, leopards and cheetah, in 
which case I was advised to wait for a guard, but waiting would take too long. Fifthly, some 
farm names and/or numbers have changed since specimens were collected, which made it 
difficult to locate sites from where herbarium specimens had been collected. In northern 
Namibia, nine sites were searched for but only five were found. 
In southern Namibia, my search for C. orbiculata started in the southwestern corner in the 
Succulent Karoo. A global plant hotspot (Myers et al. 2000), this area has attracted botanists 
and plant enthusiasts for centuries. As a result, plant occurrences are better documented there 
than in the rest of Namibia. Many of the C. orbiculata herbarium records are from the 
southwest. This and a low rainfall (Figure  3.2) attracted me to the area. Three days were 
spent searching for C. orbiculata in the Namus and Witputz mountains near Rosh Pinah, but 
only the fingerleaf form was found. I was only looking for the broadleaf form since this is 
also the one growing in New Zealand. To be consistent, it was imperative that I surveyed the 
same form in both countries.
The first broadleaf site in southern Namibia was eventually found about 150 km southeast of 
Rosh Pinah (Kromrivier). The fact that C. orbiculata was growing at lower elevations in 
southern Namibia compared to the north (Table 3.1) made it easier to get to sites. However, 
farmers in the south have extensively destroyed C. orbiculata as it is poisonous to stock 
(Mannheimer et al. 2008), resulting in limited sites available in this part of the country. One 
farmer just south of the Groot Karas Mountains proudly related that he has not seen a single 
Plakkie return to his land in ten years, after successfully exterminating the hardy plant 
through a combination of “tricks” that included burning plants and scalding with boiling 
water. In southern Namibia, eight sites were searched for, of which five were found.
Efforts were made to survey sites in the driest and wettest parts of the Namibian range in 
order to detect more strongly climatic influences on enemy activity. The wettest recorded C. 
orbiculata site in Namibia are two farms in the Otavi mountains, located  at approximately 
S19o50’ E18o00’ (Windhoek Herbarium; accessed 20 May 2007, Mannheimer et al. 2008), 
where rainfall is in the 550 – 600 mm zone (Figure  3.2). Three days were however spent 
searching in the Otavi mountains but no plants were found. In the herbarium records the 
coordinates of one of the farms (Okonjati 516, collected 1997) is probably wrong since I 
eventually found this farm in the Mount Etjo foothills, about 200 km southwest of Otavi (map 
of The Republic of Namibia 1994). The confusion might have come from subsequent 
renumbering of farms; a farm numbered 516 used to be located in the Otavi Mountains (map 
of South West Africa 1966). The second herbarium record (collected 1933) in the Otavi 
Mountains is probably correct. A local botanist indicated having recently sighted C. 
orbiculata in the area (S. Rügheimer, pers. comm. 2007). I however did not find the site. It 
would have been useful to sample in the wettest part of the range in Namibia as this may have 
facilitated a stronger detection of rainfall effects.
In summer 2007 (December) I returned to southern Namibia to sample more sites because 
preliminary statistical analysis back at Lincoln suggested that the southern Namibia sample 
size was rather too small. I returned to Eendoorn1 and sampled more plants at the site. I also 
added three new sites – Eendoorn2, Pioneer1 and Pioneer2.
 3.2.9 Seasonal differences 
When a survey is conducted is important in ecological studies since there can be major 
differences between seasons. It would have been ideal to conduct the whole survey in the 
summer but since both continents are in the southern hemisphere, this was not possible. 
Fortunately in this study, the effect of natural enemies was measured based on damage to 
plant leaves rather than inferred from enemy abundance or diversity, which are more likely to 
vary between seasons. Moreover, the fact that C. orbiculata is an evergreen plant with long-
lived leaves meant that damage to the leaves was observable throughout the year. The agents 
may not be present in some seasons but the bites and disease lesions they cause remain on the 
plant. Hence the fact that the survey was conducted in different seasons should not 
significantly influence the measured damage.
 3.2.10 Statistical analysis
To test the hypothesis that C. orbiculata would be less damaged by herbivores and pathogens 
in the non-native range, damage scores recorded in the survey were analysed using 
Generalised Linear Mixed Models with a Poisson error distribution in R, version 2.6.2 (R 
Development Core Team 2008). Using a balanced design with main ‘fixed’ effects, bite and 
pathogen damage separately, and overall damage combined, were analysed using a priori 
contrasts firstly between Namibia and New Zealand, then secondly between north and south 
within each country separately. The fit of the three models was compared using deviance and 
AIC (Akaike’s Information Criteria). In each model, the fixed effects were country and region 
(north or south) and site was treated as a random effect. The response variable was the 
average percentage damage per leaf for each plant.
 3.3 Results
 3.3.1 C. orbiculata experienced less herbivory in New Zealand 
While C. orbiculata experienced very little folivory (bites on the leaves) in general, folivory 
was greater in Namibia (2.87% mean leaf area lost to bites ± 0.52 s.e.m.) than New Zealand 
(0.95% ± 0.18 s.e.m.) (Z = -2.79; P = 0.005) (Figure  3.8).
There was however no significant difference in folivory levels between the wetter and drier 
regions within a country.
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  Figure 3.8 Comparison of bite damage to C. orbiculata leaves between New Zealand 
(NZ) and Namibia (Z = -2.794; P = 0.005) and between wetter northern and drier southern 
climates within a country. Error bars are standard error of the mean. 
 3.3.2 C. orbiculata experienced more disease in New Zealand 
Comparison of pathogen damage between the countries showed significant differences, with 
New Zealand pathogens causing more damage than Namibian ones (Z = -1.55; P = 0.002) 
(Figure  3.9). 
 3.3.3 Wetter areas in New Zealand and Namibia were not 
consistently associated with higher pathogen damage
There was a significant country x region interaction (Z = -2.22; P = 0.03), with the region 
effect reversed in the two countries. In New Zealand, plants were more diseased in the wetter 
Auckland than in Canterbury, consistent with the intercontinental pathogen comparisons. In 
contrast, Namibia showed a reversed pattern: disease was higher in the south than in the 
wetter north (Figure  3.9). That is, pathogens tended to grow in arid southern Namibia better 
than they did in the wetter north, while the Auckland habitat, with its higher rainfall, seemed 
to better support pathogen growth than Canterbury. 
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  Figure 3.9 Comparison of pathogen damage to C. orbiculata leaves between New 
Zealand (NZ) and Namibia (Z = -1.55; P = 0.002) and between wetter northern and drier 
southern climates within a country (Z = -2.22; P = 0.03). Error bars are standard error of the 
mean. 
 3.3.4 Overall, C. orbiculata was not less damaged by natural 
enemies in New Zealand than in its native habitat
While overall damage (bites and pathogens combined) to C. orbiculata leaves was slightly 
more in Namibia than in New Zealand (Figure  3.10), this difference was not significant. 
Similarly, although the wetter regions showed considerably more overall damage than the 
drier ones within a country, the difference was not significant due to high within-site 
variation. 
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  Figure 3.10 Comparison of overall damage to C. orbiculata leaves between New Zealand 
(NZ) and Namibia and between wetter northern and drier southern climates within a country. 
The effects of country and climate were not significant. Error bars are standard error of the 
mean. 
The best of the three models, based on both model deviance and AIC, was the bite model 
(Table 3.2).
Table 3.2 A test of model fitness for the effects of country and climate on bite 
and pathogen leaf damage. The best fit, and thus lowest deviance and AIC values, 
was for the bite model.
Damage type Deviance AIC
Overall 3282 3292
Pathogen 2241 2251
Bite 2058 2068
 3.3.5 Invertebrate collections
In New Zealand, the major groups of invertebrates collected were springtails, aphids and 
thrips. In Namibia, two significant invertebrates were collected at the southern sites: a whitish 
leaf-boring caterpillar (Figure  3.11C) and a black/orange Hemiptera insect (Figure  4.1B in 
Chapter 4). Except Kromrivier, all southern Namibia sites had evidence of the caterpillar. 
About 5% of randomly selected leaves at a site had been bored by the caterpillar. The 
Hemiptera insect was found at Pioneer2 (possibly also at Pioneer1). The raw data (Figure 
3.7B above) seem to suggest that the invertebrates collected in New Zealand were more than 
those collected in Namibia, both in terms of number and diversity, although the majority of 
these were incidentals, rather than likely Cotyledon herbivores.
 3.3.6 What caused the damage? 
Not much can be said about the identity of pathogens that infected C. orbiculata without lab 
tests, other than that the observed types of lesion generally seemed more variable in New 
Zealand than in Namibia, with some dominating at certain sites. Figure 3.11D shows a lesion 
that predominated at Leigh. This site had the highest pathogen damage recorded (Figure 
3.7B). In southern Namibia, one lesion type predominated at all five sites (Figure  3.11E). 
The spots were usually cream with brown borders, which sometimes coalesced to form larger, 
irregular-shaped and rough-looking blotches. It is difficult to speculate what this may be, but 
fungi can make up as much as 88% of the pathogen assemblage on host plants in a native 
habitat (Mitchell and Power 2003). Also, fungi tend to be more specialised and are generally 
less co-introduced than viruses (Agrios 1997). The lesion in southern Namibia was not 
observed in New Zealand or in northern Namibia, while it accounted for most of the pathogen 
damage recorded in southern Namibia.
In the case of folivory, there was an important organism biting plants at Auckland’s St 
Heliers. This site suffered the most bites in New Zealand (Figure  3.7B). No organism that 
could be associated with the damage was seen at the site. However, the round perforations in 
the leaves (Figure  3.11A) suggest an invertebrate. On the other hand, the bites recorded in 
Canterbury were most likely by sheep, since almost all of them had the shape of mammalian 
bites (see bites at Brandberg in figure 3.11B). Although no sheep were seen eating plants at 
the sites in Canterbury, they were often seen in the distance, while traces of wool were 
sometimes seen on or near plants. Absence of significant mammalian bites at Auckland 
suggests that naturalised herbivore mammals do not browse C. orbiculata, leaving the sheep 
in Canterbury likely accountable for all mammalian bites recorded in the region. Despite the 
sheep, the Canterbury % bite was still lower than that recorded in Auckland. As discussed 
previously, damage by livestock had been expected to be minimal since the plant is poisonous 
to livestock. 
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B
C
  Figure 3.11 Bites and lesions recorded in New Zealand and Namibia. A Bites at St Heliers, 
Auckland. B Mammalian bites (visible tooth marks) predominated at Brandberg, northern 
Namibia. C Leaf-boring caterpillar found in southern Namibia. Left: a hole made by the leaf 
borer. Centre: dissected leaf showing internal damage by the caterpillar. Right: caterpillar,  
extracted from the leaf. D Disease blotches at Leigh, Auckland. E Disease spots at 
Kromrivier, southern Namibia. 
In Namibia, significant bites were recorded at Brandberg mountain. Isolation of this site and 
tooth marks in the leaves (Figure  3.11B) strongly suggest wild mammalian herbivores. The 
small rock antelope Klipspringer Oreotragus oreotragus and the Rock Dassie (Hyrax) 
Procavia are strongly implicated. They were both spotted on the mountain and are noted by 
Griffin (2000) as being common through out the mountain. The diet of the Klipspringer 
consists mainly of browse (Stuart and Stuart 1993). The antelope has also been recorded 
browsing C. orbiculata in southwestern Namibia; a note in the Windhoek Herbarium records 
reads: “Only one plant seen (likely the fingerleaf form). 50–60 cm tall. Very recently grazed 
by Klipspringer. Flowers nipped off” (WIND 60346). In the case of the Dassie, its diet 
consists of browse, grasses and herbs (Stuart and Stuart 1993). There are no records of the 
Dassie seen browsing C. orbiculata, but Craven and Craven (2000) note that this small 
mammal at times builds up on the mountain in high numbers and denudes leaf cover. Dassies 
are also known to be a menace to urban succulent gardens (although apparently they tend to 
ED 
go for small geophytes such as Lithops, S. Carr, Pers. Comm.). The low record of mammalian 
bites at the other northern Namibia sites, which also fall within Dassie and Klipspringer range 
(Stuart and Stuart 1993), is interesting. These sites, having more rainfall and vegetation, 
suggest that wild mammals do not normally browse C. orbiculata but, like livestock, may 
resort to eating the plant where vegetation is limited, such as at Brandberg. 
Influence of livestock in the southern Namibia data would be offset to an extent by the 
internal damage caused by the leaf-boring caterpillar (Figure  3.11C), which was not 
accounted for as the caterpillar was discovered only at a later stage. The only caterpillar-
related damage recorded were the small holes it made through the leaf surface (Figure 
3.11C). 
 3.4 Discussion
Consistent with the Enemy Release hypothesis as well as with many other studies (reviewed 
in Colautti et al. 2004), C. orbiculata was more damaged by herbivores in its native habitats 
in Namibia than in its non-native range in New Zealand. However, this was not the case with 
pathogens, where in the non-native range the effects of climate on generalist pathogens 
appeared to be more important than escape from specialist pathogens. 
 3.4.1 Folivory
Foliar herbivory was on average three times higher in Namibia than in New Zealand. We can 
assume that the Namibian figure of 2.87% (± 0.52 s.e.m.) average leaf lost reflects a balance 
in the native ecosystem between herbivory and resistance to herbivory. Although damage in 
Namibia is six times lower than the average damage experienced by terrestrial plants in 
natural ecosystems (Cyr and Pace 1993), it would probably take much less damage to the 
leaves of a leaf succulent plant to cripple its population, since the leaf is a vital organ with 
dual responsibility – photosynthesis and water storage, with water being a scarce resource in 
the arid native environment. Similarly in a Costa Rican tropical forest where light is a limited 
resource in the understorey, losing 10% leaf surface area to herbivory was enough to 
significantly reduce fitness in Piper arieianum (Marquis 1984).
It has also been argued that release from specialist herbivores (those whose feeding is limited 
to one species or closely related taxa) underpins the lower herbivory often recorded in the 
introduced range (Joshi and Vrieling 2005, Liu and Stiling 2006). Consistent with this, a leaf-
boring caterpillar was found only in the native habitat and which appeared to impose 
significant damage to the C. orbiculata leaves. Unlike externally feeding folivorous insects, 
such as chewers and suckers, internally feeding insects are more specialised (Fenner and Lee 
2001). However, whether this borer is a specialist could not be confirmed since it was not 
identified. 
 3.4.2 Pathogen damage
According to the Enemy Release hypothesis I expected that, like herbivory, disease would be 
less in New Zealand. I also expected that plants growing in the wetter areas in a country 
would be more infected than those growing in the drier regions, because diseases, particularly 
fungal, are more prevalent in wetter areas (Bradley et al. 2003). The continental results 
contradict the Enemy Release hypothesis; pathogen damage was found to be significantly 
more in New Zealand than in Namibia. Consistent with my expectation, the pathogen results 
were higher for Auckland than Canterbury. The results from Namibia, however, contradict 
this pattern; the drier south had more disease than the wetter north. It is difficult to discuss 
these results since the relevant literature is scarce, but Berndt (2008) provides a useful 
reference.
The continental and the Auckland-Canterbury results agree with Berndt (2008), who cites 
southern Africa’s drier climate as a plausible explanation for the region’s surprisingly low 
count and endemism of the rust mycobiota, basidiomycetes parasitic on plants. While the 
global average ratio of rust fungi to plant species is between 1:4 and 1:20, southern Africa’s is 
only 1:39, with just 44% of rust species being endemic to the region versus the region’s 81% 
plant endemism (Berndt 2008). Normally, plant and rust endemism are congruent (Berndt 
2008). In comparison, New Zealand’s rust-plant ratio of 1:16 (which I calculated from native 
rust data reported in McKenzie 1998 and flora data in Williams and West 2000) is well within 
the global range, while its rust endemism echoes plant endemism (Berndt 2008). Compared 
to Namibia, the driest country south of the Sahara (Mendelsohn et al. 2002), New Zealand 
supports about four times more rust fungi species (Namibia’s ratio is 1:55, calculated from 
rust data reported in Berndt 2008 and native flora data from Craven 1999). Berndt (2008) also 
discusses that within South Africa the drier western provinces encompassing the Cape 
Floristic Region and the Succulent Karoo had, despite a higher floristic diversity, a smaller 
number of rust species than the wetter eastern part of South Africa. Thus, an overall wetter 
climate in New Zealand compared to the native range and in Auckland vs Canterbury may 
have encouraged more disease. This conclusion is however not supported within Namibia.
 3.4.3 Why did southern Namibia have more disease?
It is not clear why southern Namibia had higher pathogen damage than the wetter northern 
Namibia. It is however interesting that there appeared to be only one type of lesion 
accounting for most of the pathogen damage recorded at all southern Namibia sites. This 
lesion type was not observed at the northern Namibia sites or in New Zealand. One possible 
explanation is that C. orbiculata is a southern element (Craven and Craven 2000), with a 
centre of diversity in the Cape region of South African (Mark et al. 2005). This implies a 
stronger co-evolution with enemies in the south. It can be expected that in the south, there 
would be drought-adapted pathogen enemies, albeit fewer, that would have evolved with their 
succulent plant hosts. The leaf-borer caterpillar may also fit this scenario since it was only 
found in the south (although it is perplexing that the caterpillar was absent at Kromrivier. 
More sampling at Kromrivier need to however be done to confirm that it is absent there). 
Another explanation could be that this one pathogen may have been, for some reason, 
uncharacteristically common in the south during the year I sampled.
 3.4.4 Enemy release in New Zealand?
The balance between folivory and disease has meant that, overall, C. orbiculata is not any 
less affected by natural enemies in New Zealand than in its native habitat. However, equal 
extent of leaf surface area damaged by pathogens and herbivores may not mean equal effects 
of these enemies on the plant. It still needs to be assessed whether disease is more harmful to 
the plant than herbivory or vice versa. Furthermore, current debate emphasises the need for 
studies of the Enemy Release hypothesis to demonstrate that extent of damage translates into 
competitive advantage for the introduced species relative to comparable co-occurring species 
in the introduced ecosystem (Colautti et al. 2004). This issue was not addressed in the present 
study. Nevertheless, this chapter highlights the possibility that C. orbiculata, and arid-land 
plants in general, may not be released from the effects of natural enemies in wetter non-native 
regions. 
 3.4.5 Conclusion
Previous research has shown that, at a biogeographical scale, introduced species lose natural 
enemies (e.g., Genton et al. 2005, Colautti et al. 2004 and references within). This chapter 
concludes that, in some cases, introduced species gain natural enemies. 
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Appendix 2.1      A Glossary of lesser-known growth forms in the Flora of Southern Africa 
(FSA) (sources of definitions: Weier et al. 1982, http://posa.sanbi.org/intro_posa.php; 
accessed 26 February 2008, or otherwise as indicated). B Using definitions given in A, 
growth forms were grouped for the present study, into categories describing plant structures 
and habitat types. The number after a growth form is of species recorded in the FSA having 
that form. 
A
Carnivore: a plant that can utilise proteins and minerals obtained from trapped animals, 
mostly insects.
Cremnophyte: a cliff-dwelling plant 
(http://www.safricanbulbs.org.za/articles/pdf/Bulletin2003.PDF, accessed 26 February 2008).
Cyperoid: a term used for members of the Cyperaceae family.
Emergent hydrophyte: a plant that roots in saturated soil but a portion of the plant shoot 
lives above the water surface, e.g. rice (http://www.desertplants.info/, accessed 26 February 
2008).
Epihydate: a plant with leaves and/or stems floating on the surface of the water but not rising 
above the water, roots penetrating the substrate.
Epiphyte: a plant that grows upon another plant, yet is not parasitic.
Geophyte: a perennial plant, usually herbaceous, with renewal buds located on the plant 
below the soil surface, as on bulbs or rhizomes.
Graminoid: a term used for members of the grass family, Poaceae.
Haptophyte: a plant that is attached to but not penetrating a solid substrate.
Helophyte: a plant typical of marshy or lake-edge environments, in which the perennating 
organ lies in soil or mud below the water level, but the aerial shoots protrude above the water. 
Herb: a seed plant lacking woody tissues.
Hydrophyte: a plant that grows wholly or partly submerged in water.
Hyperhydate: an emergent plant, with leaves and/or stems emerging well beyond the water 
surface, roots penetrating the substrate.
Lithophyte: a plant that grows on rocks.
Mesophyte: a plant avoiding both extremes of moisture and drought.
Parasite: a plant living on another plant and deriving nourishment from it.
Pleustophyte: a plant that is free-floating on the water surface, not attached to or penetrating 
the substrate, with some photosynthetic parts in contact with air.
Restioid: a term used for members of the Restionaceae family.
Sudd hydrophyte: an aquatic plant that grows rooted in sudd (an impenetrable mass of 
floating vegetable matter).
Suffrutex: a low-growing woody shrub or perennial with woody base 
(http://www.answers.com/topic/subshrub-suffrutex, accessed 26 February 2008).
Tenagophyte: an amphibious plant, the juvenile submerged or floating on water and the adult 
(reproductive) phase terrestrial.
Xerophyte: a plant adapted to live in a dry environment, desert. E.g. cacti, succulents, 
sagebrush (http://www.desertplants.info, accessed 26 February 2008).
B
Growth form & frequency New Groupings
Structural Habitat 
Carnivore, dwarf shrub    1 shrub Normal
Carnivore, helophyte, herb, hyperhydate, tenagophyte    1 herb Aquatic
Carnivore, helophyte, herb, tenagophyte    2 herb Aquatic
Carnivore, herb   23 herb Normal
Carnivore, herb, hydrophyte    1 herb Aquatic
Carnivore, herb, lithophyte    3 herb Normal
Carnivore, herb, pleustophyte    9 herb Aquatic
Carnivore, shrub    1 shrub Normal
Climber  191 climber Normal
Climber, creeper, herb    1 climber Normal
Climber, creeper, succulent    1 climber Desert
Climber, dwarf shrub   14 climber Normal
Climber, dwarf shrub, herb    7 climber Normal
Climber, dwarf shrub, herb, shrub    6 climber Normal
Climber, dwarf shrub, shrub    7 climber Normal
Climber, dwarf shrub, shrub, succulent    1 climber Desert
Climber, geophyte   22 geophyte Normal
Climber, geophyte, herb    2 geophyte Normal
Climber, geophyte, herb, succulent    2 geophyte Desert
Climber, geophyte, shrub    1 geophyte Normal
Climber, geophyte, succulent    2 geophyte Desert
Climber, graminoid    1 graminoid Normal
Climber, herb  186 climber Normal
Climber, herb, parasite    1 parasite Normal
Climber, herb, shrub    9 climber Normal
Climber, herb, succulent   10 climber Desert
Climber, herb, suffrutex    1 climber Normal
Climber, parasite, scrambler, suffrutex    1 parasite Normal
Climber, parasite, suffrutex    1 parasite Normal
Climber, scrambler    2 climber Normal
Climber, scrambler, shrub    4 climber Normal
Climber, scrambler, shrub, tree    1 tree Normal
Climber, shrub  105 climber Normal
Climber, shrub, succulent    3 climber Desert
Climber, shrub, tree   35 tree Normal
Climber, succulent   28 climber Desert
Creeper    1 climber Normal
Creeper, dwarf shrub, herb    1 shrub Normal
Creeper, dwarf shrub, herb, shrub    1 shrub Normal
Creeper, herb    7 shrub Normal
Creeper, herb, shrub    2 shrub Normal
Creeper, shrub    1 shrub Normal
Creeper, succulent    5 climber Desert
Cremnophyte, dwarf shrub, succulent    1 shrub Desert
Cyperoid    2 shrub Normal
Cyperoid, emergent hydrophyte, helophyte, herb   41 shrub Aquatic
Cyperoid, emergent hydrophyte, helophyte,     herb, sudd hydrophyte    1 shrub Aquatic
Cyperoid, emergent hydrophyte, herb    7 shrub Aquatic
Cyperoid, emergent hydrophyte, herb, sudd hydrophyte    2 shrub Aquatic
Cyperoid, geophyte, helophyte, herb    1 geophyte Aquatic
Cyperoid, geophyte, herb, mesophyte    3 geophyte Aquatic
Cyperoid, helophyte, herb  167 shrub Aquatic
Cyperoid, helophyte, herb, mesophyte   38 shrub Aquatic
Cyperoid, helophyte, herb, sudd hydrophyte    2 shrub Aquatic
Cyperoid, herb    8 shrub Normal
Cyperoid, herb, mesophyte  176 shrub Aquatic
Cyperoid, herb, sudd hydrophyte    1 shrub Aquatic
Dwarf shrub 2439 shrub Normal
Dwarf shrub, epiphyte, shrub    1 shrub Normal
Dwarf shrub, geophyte    5 geophyte Normal
Dwarf shrub, geophyte, herb, succulent    0 geophyte Desert
Dwarf shrub, geophyte, shrub    4 geophyte Normal
Dwarf shrub, geophyte, succulent   10 geophyte Desert
Dwarf shrub, graminoid, shrub    2 graminoid Normal
Dwarf shrub, herb  434 shrub Normal
Dwarf shrub, herb, hydrophyte, shrub    0 shrub Aquatic
Dwarf shrub, herb, parasite   15 parasite Normal
Dwarf shrub, herb, restioid    1 shrub Normal
Dwarf shrub, herb, shrub   71 shrub Normal
Dwarf shrub, herb, shrub, succulent    2 shrub Desert
Dwarf shrub, herb, succulent   15 shrub Desert
Dwarf shrub, herb, suffrutex    4 shrub Normal
Dwarf shrub, lithophyte   15 shrub Normal
Dwarf shrub, lithophyte, succulent    6 shrub Desert
Dwarf shrub, parasite    7 parasite Normal
Dwarf shrub, parasite, shrub   35 parasite Normal
Dwarf shrub, restioid  240 shrub Normal
Dwarf shrub, restioid, shrub   60 shrub Normal
Dwarf shrub, scrambler    6 climber Normal
Dwarf shrub, scrambler, succulent    7 climber Desert
Dwarf shrub, shrub  715 shrub Normal
Dwarf shrub, shrub, succulent   59 shrub Desert
Dwarf shrub, shrub, suffrutex    2 shrub Normal
Dwarf shrub, shrub, tree    6 tree Normal
Dwarf shrub, succulent  414 shrub Desert
Dwarf shrub, succulent, suffrutex    3 shrub Desert
Dwarf shrub, suffrutex   27 shrub Normal
Dwarf shrub, tree    1 tree Normal
Emergent hydrophyte, herb    1 shrub Aquatic
Epihydate, geophyte, herb, hydrophyte    1 geophyte Aquatic
Epihydate, geophyte, herb, hydrophyte, hyperhydate    4 geophyte Aquatic
Epihydate, herb    2 shrub Aquatic
Epihydate, herb, hydrophyte    6 shrub Aquatic
Epihydate, herb, hydrophyte, hyperhydate    3 shrub Aquatic
Epihydate, herb, succulent    1 shrub Desert
Epihydate, hydrophyte    2 NA Aquatic
Epiphyte    2 NA Normal
Epiphyte, geophyte    1 geophyte Normal
Epiphyte, geophyte, herb    1 geophyte Normal
Epiphyte, geophyte, herb, lithophyte   11 geophyte Normal
Epiphyte, geophyte, herb, succulent    2 geophyte Desert
Epiphyte, herb   47 shrub Normal
Epiphyte, herb, lithophyte   47 shrub Normal
Epiphyte, herb, lithophyte, succulent    4 shrub Desert
Epiphyte, herb, succulent   19 shrub Desert
Epiphyte, lithophyte, succulent    1 NA Desert
Geophyte 1505 geophyte Normal
Geophyte, graminoid    6 graminoid Normal
Geophyte, graminoid, helophyte, herb    1 graminoid Normal
Geophyte, graminoid, herb    1 graminoid Normal
Geophyte, helophyte    1 geophyte Normal
Geophyte, herb 1608 geophyte Normal
Geophyte, herb, hydrophyte   20 geophyte Aquatic
Geophyte, herb, hydrophyte, tenagophyte    1 geophyte Aquatic
Geophyte, herb, lithophyte   99 geophyte Normal
Geophyte, herb, succulent   85 geophyte Desert
Geophyte, hydrophyte    9 geophyte Aquatic
Geophyte, scrambler    1 geophyte Normal
Geophyte, shrub    2 geophyte Normal
Geophyte, shrub, succulent    2 geophyte Desert
Geophyte, succulent   36 geophyte Desert
Graminoid  779 graminoid Normal
Graminoid, helophyte    2 graminoid Aquatic
Graminoid, helophyte, herb    1 graminoid Aquatic
Graminoid, herb   25 graminoid Normal
Graminoid, herb, hydrophyte    2 graminoid Aquatic
Graminoid, hydrophyte    3 graminoid Aquatic
Graminoid, scrambler    5 graminoid Normal
Graminoid, shrub   11 graminoid Normal
Haptophyte, hydrophyte    4 NA Aquatic
Helophyte    1 NA Aquatic
Helophyte, herb   21 shrub Aquatic
Helophyte, herb, hydrophyte   13 shrub Aquatic
Helophyte, herb, hydrophyte, tenagophyte    1 shrub Aquatic
Herb 4171 shrub Normal
Herb, hydrophyte  117 shrub Aquatic
Herb, hydrophyte, hyperhydate    5 shrub Aquatic
Herb, hydrophyte, lithophyte    1 shrub Aquatic
Herb, hydrophyte, pleustophyte   10 shrub Aquatic
Herb, hydrophyte, succulent    1 shrub Desert
Herb, hydrophyte, tenagophyte   13 shrub Aquatic
Herb, hyperhydate, tenagophyte    1 shrub Aquatic
Herb, lithophyte   54 shrub Normal
Herb, lithophyte, succulent    6 shrub Desert
Herb, parasite  141 parasite Normal
Herb, parasite, shrub   45 parasite Normal
Herb, parasite, succulent    2 parasite Desert
Herb, parasite, suffrutex    3 parasite Normal
Herb, restioid   12 shrub Normal
Herb, scrambler   27 climber Normal
Herb, scrambler, shrub    1 climber Normal
Herb, scrambler, succulent    7 climber Desert
Herb, shrub  138 shrub Normal
Herb, shrub, succulent    6 shrub Desert
Herb, shrub, tree    1 tree Normal
Herb, succulent  387 shrub Desert
Herb, succulent, suffrutex    2 shrub Desert
Herb, suffrutex   35 shrub Normal
Herb, tenagophyte    2 shrub Aquatic
Herb, tree    2 tree Normal
Hydrophyte   11 NA Aquatic
Hydrophyte, hyperhydate    0 NA Normal
Hydrophyte, succulent    1 NA Aquatic
Lithophyte, shrub    1 shrub Normal
Lithophyte, shrub, succulent    2 shrub Normal
Parasite    1 parasite Normal
Parasite, shrub  106 parasite Normal
Parasite, shrub, succulent    1 parasite Desert
Restioid, shrub   32 shrub Normal
Scrambler   13 climber Normal
Scrambler, shrub   16 climber Normal
Scrambler, shrub, succulent    1 climber Desert
Scrambler, shrub, tree    3 tree Normal
Scrambler, succulent    6 climber Desert
Scrambler, suffrutex    1 climber Normal
Scrambler, tree    1 tree Normal
Shrub 2380 shrub Normal
Shrub, succulent  260 shrub Desert
Shrub, succulent, suffrutex    1 shrub Desert
Shrub, succulent, tree   28 tree Desert
Shrub, suffrutex   32 shrub Normal
Shrub, suffrutex, tree    1 tree Normal
Shrub, tenagophyte    1 shrub Aquatic
Shrub, tree  663 tree Normal
Succulent 2670 NA Desert
Succulent, suffrutex   10 NA Desert
Succulent, tree   23 tree Desert
Suffrutex  156 shrub Normal
Tree  323 tree Normal
Xerophyte    1 NA Desert
No growth form defined 1439 NA NA
 Chapter 4 Conclusions 
This thesis aimed to improve our knowledge of the factors that increase the chance of 
plant species becoming invasive. It sought to identify which plant traits may help 
determine which species are likely to become invasive. It was found that a number of 
the plant traits examined were significantly associated with some stages of invasion. 
Introduction was characterised by traits such as a large native range and taller species, 
consistent with some previous studies.  Plants that occurred at high altitudes in the 
native range were associated with the naturalization stage, while a perennial life cycle 
and a native desert habitat were linked with invasion. Endemic southern African plants 
appeared to be better adapted to climatic conditions in New Zealand than native 
southern African plants. Overall, species that occurred at high altitudes in the native 
southern African range were more likely to succeed in New Zealand at all three stages 
examined. These traits could be developed further to form useful criteria for forecasting 
which species are likely to become problems in New Zealand to help direct 
management decisions. 
The thesis also evaluated the importance of natural enemies and whether their absence 
or reduction in the non-native New Zealand habitat, as hypothesised, translates into less 
damage, using the southern African plant Pig’s ear Cotyledon orbiculata L. as model 
species. As expected, C. orbiculata suffered less folivory in New Zealand, in line with 
the Enemy Release hypothesis. Contrary to expectation, the study found that C. 
orbiculata has gained foliar diseases in New Zealand. Overall, the plant was not any 
less damaged by natural enemies in New Zealand than in the native range. This suggests 
that release from enemies in New Zealand may not explain why this species is 
spreading. Some other factors, other than enemy release, may better account for it’s 
spread.  
The information developed in this thesis will contribute to a better understanding of 
why some species become invasive and how to respond to these threats while they can 
be mitigated. This contribution is important because controlling invasive species is 
easier early on in the invasion process but more costly at the advanced stages (Kolar and 
Lodge 2001). The New Zealand government spends a significant proportion of the 
budget on border biosecurity management. For instance, over $38 million in 2000/1 was 
spent (MAF 1999). Hence studies like this one are needed to support efforts to curtail 
further threats to the economy and to the environment. 
 4.1 Recommendations for future work
 4.1.1 Species traits as predictive models
Further analysis is recommended to determine the predictive power of the six models 
used in the present study to accurately forecast an invasion outcome. Also, 
combinations of variables could be analysed to see how interactions can influence 
outcomes. These statistical inferences could be translated into useful criteria that could 
be fed into screening protocols to improve their reliability.
 4.1.2 Biological control
 4.1.2.1 Caterpillar
A leaf-boring caterpillar was found inside the leaves of C. orbiculata plants at sites in 
southern Namibia. The caterpillar is whitish in colour and measuring about 1.5 cm long 
and 0.5 wide (Figure  4.1). Evidence of the caterpillar was found on about every fifth of 
randomly selected leaves at a site. Given the seemingly significant damage it caused, it  
would be worth further investigation as a potential biological control agent. The 
caterpillar is yet to be identified as no adult form was observed at the sites during the 
survey. In Chapter 3 (Methods) some known invertebrate enemies of the species are 
discussed, but descriptions and distributions do not match those of the caterpillar. The 
possibility of identification through DNA analysis at Lincoln University has also been 
suggested. There was however no time to do this since the necessary paperwork to 
import a specimen could take time. Preserved specimens are currently on hand.  
Figure 4.1 Left: An unidentified caterpillar found inside C. orbiculata leaves in situ 
in southern Namibia. Size: about 1.5 cm length, 0.5 cm width (photo taken through a 
dissecting microscope). Right: damage by the caterpillar inside a C. orbiculata leaf. 
 4.1.2.2 Hemiptera bug
An unidentified tiny Hemiptera bug (Figure  4.2A) was also found in abundance in 
southern Namibia, at Pioneer2. The bug appears related to the Lygaeidae bugs, which 
include milkweed, stink, boxelder, and fire bugs. The latter three are worldwide 
domestic pests. Interestingly, Pioneer2 was located about 100 m from an uninhabited 
farmhouse. It is possible that the bug is an introduced Lygaeidae pest that originated in 
the farmhouse. But it could also be an indigenous milkweed bug. The milkweed 
families Asclepiadaceae and Apocinaceae are well represented in southern Africa, with 
several genera being endemic to the region, such as the succulents Hoodia and Quaqua. 
A Quaqua plant was seen at the site; the bug could have also infested C. orbiculata 
from near-by milkweeds. Figure 4.2B shows what could be a milkweed bug. This 
similarly tiny bug was found on a Hoodia seed pod in central Namibia. Milkweed bugs 
are known to feed on the seeds of milkweeds. Interestingly, the instars found on C. 
orbiculata, which were numerous compared to the adults, were found mainly on the 
flowers, most of which were dry but a few were fresh. Dry C. orbiculata flowers 
contain numerous, tiny, dark brown mature seeds inside. It is hence possible that the bug 
at Pionier2 utilised the plant for breeding and the instars fed on the seeds.
Besides foliar herbivory, impact of natural enemies to a plant’s demography could also 
be through other means, such as seed ingestion. Damage to a plant’s reproductive parts 
more directly reduces recruitment (Liu and Stiling 2006), thereby making such enemies 
effective biological control agents. Like the caterpillar, it would be worth pursuing the 
bug found at Pionier2 to see if it could be a potential control agent.
A
Figure 4.2 Unidentified Lygaeidae (?) bugs found in situ in Namibia. A Hemiptera 
bug found at Pionier2. Top: adults, about 0.8 cm long, 0.3 cm wide. Lower right: instar. 
Lower left: this maybe a sub-adult or a closely related species. Two of these were 
observed at Pioneer1. B Possibly a milkweed bug, photographed here on a fresh Hoodia 
seed pod south of the Naukluft Mountains. Size: about the same as the adults in A 
(photo: S. Carr 2005). Except B, photos were taken through a dissecting microscope.
 4.1.3 Other interesting questions
In addition to measuring damage to plants and collecting invertebrates, a number of 
other observations were recorded in the present study but not analysed, such as 
invertebrate diversity, site aspect, and density of adult, seedling and dead plants. 
Density-depended effects (Sullivan 2003), for example, could be assessed from these 
data in future. Also, it would be interesting to pursue further the observation that C. 
orbiculata sites in New Zealand seemed to predominantly occur on northern slopes, 
while those in northern Namibia were found predominantly on southern slopes. Could 
this be another one of C. orbiculata’s anti-photoinhibition strategies? The plant has well 
documented sophisticated structural and physiological mechanisms for preventing 
damage from too much light influx (see, for example, Sinclair and Thomas 1970, 
Robinson et al. 1993, Barker et al. 1997).  
B
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